AD 


Award  Number: 
W81XWH-1 0-1 -0144 


TITLE: 

The  Role  of  c-Myc  and  miRNAs  on  EMT  and  the  TGF-beta  switch  in  Primary  Intermediate  Basal  Cells 
Isolated  From  Prostate  Cancer 


PRINCIPAL  INVESTIGATOR: 
Michael  Amatangelo 


CONTRACTING  ORGANIZATION: 
Drexel  University 
Philadelphia  PA  19104-2875 

REPORT  DATE: 

March  2013 

TYPE  OF  REPORT: 

Annual  Summary 


PREPARED  FOR: 

U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT: 
Approved  for  Public  Release; 
Distribution  Unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should  not  be 
construed  as  an  official  Department  of  the  Army  position,  policy  or  decision  unless  so  designated  by 
other  documentation. 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining 
the  data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for 
reducing  this  burden  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA 
22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a 
currently  valid  OMB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. _ _ 

1.  REPORT  DATE  I  2.  REPORT  TYPE  I  3.  DATES  COVERED 


March  2013 _ 

4.  TITLE  AND  SUBTITLE 


Annual  Summary 


1  March  2010  -  28  February  2013 

5a.  CONTRACT  NUMBER 


The  Role  of  c-Myc  and  miRNAs  on  EMT  and  the  TGF-beta  switch  in 
Primary  Intermediate  Basal  Cells  Isolated  From  Prostate  Cancer 


5b.  GRANT  NUMBER 

W81XWH-1 0-1 -0144 

5c.  PROGRAM  ELEMENT  NUMBER 


6.  AUTHOR(S) 


5d.  PROJECT  NUMBER 


Michael  D.  Amatangelo 


5e.  TASK  NUMBER 


E-Mail:  mamatangelo@wistar.org _ 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Drexel  University 
Philadelphia  PA  19104-2875 


5f.  WORK  UNIT  NUMBER 

8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 
U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


10.  SPONSOR/MONITOR’S  ACRONYM(S) 


11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 


12.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  Public  Release;  Distribution  Unlimited 


14.  ABSTRACT 

We  aimed  to  further  understand  the  role  of  c-myc  and  the  microRNA  let-7  in  TGF-beta  induced  EMT  and  invasion  of 
primary  prostate  cancer  cells.  Overexpression  of  c-myc  in  combination  with  TGF-beta  failed  to  induce  EMT  in  our 
cell  lines.  Thus,  we  have  completed  mechanistic  studies  with  cells  stably  transfected  with  ras  effector  mutant 
constructs  and  constitutively  activated  MEK1  and  MEK2  to  show  that  ras  activation  of  the  raf-MEK2  pathway  works  in 
concert  with  TGF-beta  to  promote  EMT  and  invasion  in  early  stage  prostate  cancer  cells.  EMT  was  characterized  by 
the  adoption  of  a  spindle  shaped  morphology,  loss  of  cell-cell  junctions,  decreased  E-cadherin  and  increased 
expression  of  the  prometastatic  genes  vimentin,  fibronectin,  fsp-1,  HMGA2  MMP-2,  MMP-9,  Slug  and  Twist2.  We  also 
discovered  that  EGF  signaling  down  regulates  expression  of  the  tumor  suppressor  let-7a  miRNA  and  upregulates  its 
negative  regulator,  Lin28B.  Activation  of  this  pathway  appeared  to  allow  for  expression  of  Let-7a  targets  which 
play  a  key  role  in  EMT,  including  ras  and  HMGA2 .  Additionally,  overexpression  of  pre-let-7a,  inhibited  the  ability 
of  cells  to  undergo  EMT  and  become  invasive.  We  conclude  that  cells  require  both  TGF-beta  stimulation  and  let-7a 
down  regulation  via  ras-raf-MEK2  to  undergo  EMT  and  transform  to  an  invasive  phenotype.  Our  studies  thus  far  have 
provided  novel  insights  into  the  mechanisms  regulating  EMT  and  invasion  in  prostate  cancer  and  assign  a  novel 
function  to  the  tumor  suppressor  microRNA  let-7a. 


15.  SUBJECT  TERMS 

Myc,  Lin28,  Let-la,  TGF-beta,  EGF,  MEK1,  MEK2 ,  Ras,  HMGA2 ,  E-cadherin,  Vimentin,  MMP-2, 
MMP-9,  Slug,  Twist2,  Prostate  Cancer 

16.  SECURITY  CLASSIFICATION  OF:  I  17.  LIMITATION  I  18.  NUMBER  I  19a.  NAME  OF  RESPONSIBLE 


a.  REPORT 

u 


b.  ABSTRACT  c.  THIS  PAGE 

u  u 


17.  LIMITATION 

OF  ABSTRACT 

18.  NUMBER 

OF  PAGES 

uu 

85 

USAMRMC 

19b.  TELEPHONE  NUMBER  (include  area 
code) 


2 


Table  of  Contents 


Page 


Introduction . 4 

Body . 5 

Key  Research  Accomplishments . 7 

Reportable  Outcomes . 8 

Conclusion . 9 

References . 10 

Appendices . 11 


3 


INTRODUCTION: 


Despite  recent  advances  in  prostate  cancer  diagnostics  and  treatment,  the  long  term  survival  rate  for  men 
diagnosed  with  prostate  cancer  has  not  changed  significantly.  Understanding  the  steps  involved  in  progression 
of  prostate  cancer  to  invasive  disease  are  critical  for  the  development  of  better  diagnostics  to  identify  tumors 
with  high  metastatic  potential  and  therapeutics  which  can  potentially  block  metastases  from  forming.  As  such, 
this  project  attempts  to  delineate  essential  and  novel  mechanisms  involved  in  prostate  cancer  invasion.  In 
normal  epithelia  the  extracellular  cytokine  TGF-beta  acts  as  a  tumor  suppressor  by  repressing  mitogenic  signals. 
In  advanced  carcinomas,  however,  the  cytostatic  response  (growth  arrest)  to  TGF-beta  is  often  lost  and  TGF- 
beta  acts  to  induce  epithelial  to  mesenchymal  (EMT)  transition,  promoting  tumor  invasion  and  metastasis. 
Targeting  the  TGF-beta  signaling  pathway  to  prevent  invasion,  however,  has  serious  concerns.  Notably,  doing 
so  might  inhibit  TGF-beta’s  growth  suppressive  functions  and  thus  promote  additional  tumor  development. 
Therefore,  novel  pathways  regulating  the  invasive  functions  of  TGF-beta  stimulation  must  be  identified. 

We  initially  aimed  to  further  understand  the  role  of  c-myc  and  the  role  of  the  expression  of  the 
microRNA  let-7  play  in  TGF-beta  induced  EMT  and  invasion.  To  answer  these  questions  we  set  to  perform  a 
series  of  mechanistic  studies  in  a  set  of  primary  prostate  cancer  cells  isolated  from  patients  with  increasing 
Gleason  score.  The  purpose  of  the  proposed  work  was  to  assign  novel  functions  to  the  oncogene  c-myc  and  the 
tumor  suppressor  miRNA  let-7,  showing  for  the  first  time  that  these  genes  serves  as  a  master  regulators  of  the 
invasive  activities  of  the  TGF-beta  signaling  network.  While  out  initial  results  did  indicate  that  c-myc 
expression  was  required  for  TGF-beta  induced  EMT,  we  also  observed  that  c-myc  over-expression  was  not 
sufficient  to  induce  EMT  in  response  to  TGF-beta  treatment.  As  part  of  our  original  Aim  1  we  proposed  that 
myc  over-expression  might  not  be  sufficient  to  induce  EMT  in  early  stage  prostate  cancer  cells  treated  with 
TGF-beta  alone  and  suggested  that  we  attempt  to  understand  the  role  of  ras  signaling,  as  myc  is  known  to  be 
activated  downstream  of  ras(Compere  et  ah,  1989).  We  therefore  amended  our  statement  of  work  to  investigate 
further  the  role  of  ras  signaling  in  regulating  cellular  responses  in  prostate  cancer  to  TGF-beta.  We  found  that 
ras  signaling  through  MAPK  reduces  Let-7a  expression  and  drives  Erk2  into  the  nucleolus  which  is  sufficient 
for  TGF-beta  induced  EMT.  Furthermore,  we  found  that  this  pathway  does  not  regulate  resistance  to  TGF- 
beta’s  growth  suppressive  functions  indicating  that  this  pathway  may  represent  an  attractive  therapeutic  target 
for  inhibiting  EMT  and  prostate  cancer  invasion  and  metastasis.  Moreover  our  results  indicated  that  expression 
of  HMGA2,  a  Let-7a  target  gene  may  represent  a  novel  diagnostic  to  identify  prostate  cancers  with  a  higher 
metastatic  potential. 
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BODY: 


We  successfully  accomplished  all  research  and  writing  related  activities  regarding  TASK  1  in  our 
statement  of  work  and  have  published  a  manuscript  with  the  data  (Amatangelo  et  ah,  2012) . 

la) .  IBC-lOa  and  -20a  cells  were  transduced  with  pBABE:c-myc,  pBABE:empty  pLKO;shRNA-c-myc  and 
pLKO: scrambled  vector  constructs.  PC3-ML  cells  were  transduced  with  pBABE:empty  pLKO;shRNA-c-myc 
and  pLKO: scrambled  vector  constructs. 

lb)  IBC-lOa  and  -20a  cells  were  also  stably  transduced  with  pBABE:Ras-V12,  pBABE:Ras-V12C40, 
pBABE:RasV12G37,  pBABE:RasV12S35,  pBABE:MEKl-DD  and  pBABE:MEK2-DD  vector  constructs 

lc)  We  determined  that  EGF  and  TFGpi  treatment  together  was  required  for  EMT  of  parental  cell  lines  and  that 
TGFpi  treatment  alone  induced  EMT  only  in  cell  variants  transduced  with  active  Ras,  RasV12S25  and  MEK2- 
DD. 

ld)  We  determined  that  1  ng/ml  of  EGF  was  sufficient  to  induce  EMT  in  response  to  10  ng/ml  of  TGFpi,  and 
that  cells  began  to  undergo  EMT  after  6  days  of  treatment,  however,  effects  were  maximal  by  treating  cells  with 
10  ng/ml  of  both  TGF-pi  and  EGF  over  a  period  of  nine  days. 

le)  We  determined  that  there  was  no  difference  between  cell  lines  in  receptor  expression.  We  could  not  observe 
expression  of  TGF-PRIII. 

lf)  We  determined  that  in  all  conditions  in  which  EMT  was  induced  as  determined  by  induction  of  vimentin 
expression  that  cells  exhibited  a  more  invasive  phenotype  both  in  a  modified  boyden  chamber  assay  and  in  a  3D 
culture  model 

lg)  We  stably  transduced  PC3-ML  cells  with  a  c-myc  shRNA  construct  and  scrambled  construct  and  found  that 
c-myc  expression  was  required  for  expression  of  EMT  genes  that  PC3-ML  cells  constitutively  express  and  that 
knockdown  of  c-myc  correlated  with  a  less  invasive  phenotype  in  these  cells.  We  also  found  that  these  cells 
over-express  ras  compared  to  our  primary  cell  lines,  however,  they  do  not  have  elevated  expression  of  erk 
activity  as  a  result  of  this  over-expression. 

lh)  We  found  that  despite  the  fact  that  ras  activity  could  induce  EMT  and  an  invasive  phenotype  in  our  cells, 
levels  of  erk  activation,  which  are  regulated  by  ras,  did  not  correlate  with  conditions  where  EMT  was  induced. 
We  transduced  IBC-lOa  and  -20a  cells  with  pLNCX:Erk2  WT,  pBABE:shErk2,  and  pLNCX:Erk2  D319N  and 
determined  that  erk2  expression  was  required  for  TGFpi  induced  EMT  and  that  expression  of  an  Erk2  mutant 
that  preferentially  locates  to  the  nucleus  was  sufficient  for  TGF-beta  induced  EMT. 

li)  This  data  was  prepared  into  a  manuscript  submitted  to  Carinogenesis,  we  responded  to  all  reviewer 
comments  it  was  accepted  for  publication  in  Carcinogenesis  in  June  of  2012. 

In  regards  to  TASK2  of  our  statement  of  work  were  able  to  successfully  complete  5  out  of  the  9  tasks  in 
the  SOW.  We  wrote  and  submitted  a  manuscript  on  the  data  obtained,  however,  due  to  technical  difficulties  and 
time  constraints  from  my  program  as  a  result  of  my  graduation  we  were  unable  to  respond  to  reviewer 
comments  and  have  the  manuscript  published.  Please  see  attached  submitted  manuscript  in  the  appendix  for 
data  regarding  this  task. 

2a)  We  attempted  to  knockdown  HMGA2  in  IBC-lOa  cells,  however,  our  shRNA  construct  was  ineffective  in 
reducing  HMGA2  levels  in  response  to  combined  treatment  with  EGF  and  TGFpi.  Due  to  time  constraints  we 
were  unable  to  test  other  constructs  or  obtain  a  pBABE:HMGA2  cDNA  construct. 

2b)  Because  we  could  not  successfully  knockdown  or  over-express  HMGA2  as  outlined  in  2a  we  could  not 
adequately  determine  the  effects  of  EGF  and  TGFpi  on  these  cell  variants. 

2c)  Because  we  could  not  successfully  knockdown  or  over-express  HMGA2  as  outlined  in  2a  we  could  not 
adequately  determine  growth  and  invasive  characteristics  of  these  cell  variants. 

2d)  We  were  able  to  carry  out  HMGA2  immunolabeling  on  prostate  cancer  tissue  arrays  and  observed  that 
HMGA2  appears  to  be  expressed  in  more  metastatic  and  invasive  carcinomas. 

2e)  We  were  able  to  measure  the  levels  of  let-7a  expression  and  lin-28b  in  our  cells  and  found  that  in  conditions 
were  EMT  was  induced  we  observed  an  increase  in  lin-28b  expression  and  decrease  in  let-7a  expression. 
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2f)  We  were  able  to  stably  transduce  IBC-lOa  and  PCa-20a  cells  with  a  let-7a  over-expression  construct  and  an 
shRNA  to  lin-28b  and  observed  that  over-expression  of  let-7a  inhibited  EMT  induction  in  our  cells,  however, 
knockdown  of  lin-28b  was  insufficient  to  inhibit  EMT. 

2g)  We  were  able  to  observed  that  over-expression  of  let-7a  and  knockdown  of  lin-28b  both  inhibited  the  ability 
of  cells  to  become  invasive  in  response  to  EGF  and  TGFpl  treatment. 

2h)  We  also  successfully  transduced  PC3-ML  cells  with  a  let-7a  over-expression  construct  and  lin-28b  shRNA 
and  found  that  transduction  with  these  constructs  resulted  in  a  decrease  in  expression  of  EMT  genes  and 
invasive  ability  of  cells. 

2i)  We  prepared  a  manuscript  with  the  data  related  to  TASK2  and  submitted  it  to  the  Prostate  journal  in  April  of 
2012.  Given  time  constraints  as  a  result  of  my  graduation  we  were  unable  to  respond  to  reviewers  comments 
and  perform  additional  experiments. 

As  part  of  training  related  activities  I  was  able  to  successfully  attend  and  contribute  to  all  weekly 
seminar  and  journal  club  meetings.  I  also  sat  on  the  committee  that  invited  and  hosted  outside  speakers  to  come 
to  Drexel  University.  These  included  Dr.  Harold  Moses  form  Vanderbilt,  an  expert  on  TGF-beta  signaling,  Dr. 
Joshua  Mendell  from  John  Hopkins,  an  expert  on  the  role  of  lin-28  and  let-7  in  cancer,  and  Dr.  Bruce  Zetter,  an 
expert  on  prostate  cancer.  Furthermore,  I  successfully  organized  all  thesis  committee  meetings  as  outlined  in 
the  statement  of  work,  and  presented  my  formal  thesis  proposal  earlier  than  expected  at  the  beginning  of  2012. 
My  committee  felt  1  had  done  sufficient  work  to  begin  writing  my  thesis  and  1  successfully  wrote  and  defended 
my  thesis  on  April  20th  of  2012  and  subsequently  graduated  from  the  program  in  May  of  that  year. 
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KEY  RESEARCH  ACCOMPLISHMENTS: 


•  Characterized  PCa-20a  and  PCa-30a  cell  lines  in  terms  of  ability  of  TGF-beta  to  induce  EMT  and 
express  pro-metastatic  genes. 

•  Determined  that  neither  expression  with  constitutively  active  Ras  nor  treatment  with  EGF  is  sufficient  to 
abrogate  TGF-beta’ s  negative  effect  on  cell  proliferation 

•  Created  IBC-lOa  and  PCa-20a  cells  that  over-express  c-myc  and  determined  c-myc  over-expression  is 
not  sufficient  for  TGF-beta  to  induce  EMT. 

•  Created  IBC-lOa  and  PCa-20a  and  PC3-ML  cells  that  have  knockdown  of  c-myc  and  determined  c-myc 
over-expression  is  required  for  TGF-beta  to  induce  EMT. 

•  Also  observed  c-myc  expression  is  required  for  the  increased  invasive  capacity  observed  during  EMT. 

•  Created  IBC-lOa  and  PCa-20a  cell  lines  that  expressed  constitutively  active  Ras  and  three  Ras  effector 
mutants  (S35,  G37  and  C40)  and  determined  that  Ras  activation  of  Raf  is  sufficient  for  TGF-beta  to 
induce  EMT  in  IBC-lOa  and  PCa-20a  cell  lines. 

•  Created  IBC-lOa  and  PCa-20a  cell  lines  that  over-express  constitutively  active  MEK1  and  MEK2, 
downstream  effectors  of  Ras  activation  of  Raf,  and  determined  that  MEK1,  but  not  MEK2,  activation 
was  sufficient  for  TGF-pi  induction  of  EMT  and  invasion. 

•  Created  IBC-lOa  cell  lines  and  PCa-20a  cell  lines  that  express  Erk2  WT,  shRNA  targeting  Erk2,  and 
an:Erk2  D319N  mutant  that  preferentially  locates  to  the  nucleus  and  determined  that  erk2  expression 
was  required  for  TGFpi  induced  EMT  and  also  that  MEKl-induced  Erk2  nuclear  localization  was 
required  for  TGF-beta  induced  EMT  and  invasion  in  prostate  cancer. 

•  We  determined  that  HMGA2  expression  is  induced  in  malignant  and  metastatic  human  prostate  cancers 
when  compared  to  normal  and  benign  tissue. 

•  We  determined  that  IBC-lOa  cells  do  not  express  LIN28A  but  strongly  express  Lin28B  with  EGF  and 
EGF  and  TGF-beta  in  combination  treatment. 

•  Determined  by  time  course  that  increases  in  vimentin  expression  positively  correlate  with  Lin28B 
expression  and  negatively  with  let-7a  expression 

•  Created  Lin-28B  knockdown  cells  and  determined  that  Lin-28B  knock-down  inhibits  EMT  and  the 
invasive  capacity  of  cells 

•  Created  IBC-lOa  and  PCa-20a  and  PC3-ML  cells  that  over-express  let-7a  and  show  that  let-7a  is  down- 
regulation  is  required  for  TGF-beta  to  induce  EMT. 

•  Determined  that  over-expression  of  let-7a  also  inhibits  invasive  capacity  of  cells. 

•  Determined  that  let-7a  expression  is  down-regulated  in  malignant  and  invasive  prostate  cancer  when 
compared  to  normal  tissue. 
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REPORTABLE  OUTCOMES: 


1.  Research  presented  at  2010  and  201 1  Discovery  Day  at  Drexel  University  College  of  Medicine.  2012 
presentation  won  second  place  prize  for  best  presentation 

2.  Presented  research  poster  at  201 1  IMPaCT  Conference  in  Orlando,  FL. 

3.  Received  Office  of  Research  Award  for  Biomedical  Graduate  Student  based  on  research  conducted  for 
this  grant  at  Drexel  University  Research  Day,  2011. 

4.  Created  cell  lines  isolated  form  Gleason  score  6  and  7  prostate  cancer  patients  that  over-express  c-myc, 
have  c-myc  knockdown,  express  constitutively  active  Ras,  express  three  Ras  effector  mutants,  express 
both  constitutively  active  MEK1  and  MEK2,  have  Erk2  knock  down,  express  Erk  D319N  mutant,  over¬ 
express  pre-let7a  miRNA  and  have  Lin28B  knockdown. 

5.  Published  Data  as  part  of  Taskl  in  the  SOW  in  Carcinogenesis.  Submitted  data  as  part  of  Task  2  in 
SOW  to  Prostate. 

6.  Successfully  wrote  and  defended  thesis  on  April  20th,  2012  and  graduated  in  May  with  PhD. 

7.  Obtained  a  Post-Doctoral  position  studying  cancer  epigenetics  at  the  Wistar  Institute  in  Philadelphia  in 
October  of  2012. 
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CONCLUSIONS: 


We  made  significant  progress  in  the  research  proposed  by  this  grant.  We  were  able  to  successfully 
complete  80%  of  the  research  related  tasks  in  our  SOW  and  100%  of  my  training  related  tasks.  As  a  result  of 
this  progress  I  was  able  to  finish  my  degree  earlier  than  expected  and  successfully  defended  my  thesis  April  20th 
of  2012.  Consequently,  funding  for  this  grant  was  ended  early  in  July  of  2012  because  of  my  graduation  from 
the  program. 

As  part  of  aim  1  we  were  able  to  transfect  cells  with  an  shRNA  targeting  c-myc  and  found  that  c-myc 
expression  was  critical  for  our  cells  to  undergo  EMT  and  exhibit  an  invasive  phenotype.  We  also  trasnfected 
cells  with  a  c-myc  over-expression  construct,  however,  were  unable  to  induce  EMT  with  TGF-beta  alone  as 
hypothesized  in  aim  1.  We  therefore  set  out  to  understand  the  role  of  ras  signaling  as  proposed  as  an  alternative 
set  of  experiments  in  aim  1  and  which  is  the  basis  for  a  manuscript  we  were  able  to  publish  in  Carcinogenesis. 
We  created  cells  that  over-express  constitutively  active  ras,  3  ras  effector  mutants  and  both  a  constitutively 
active  MEK1  and  MEK2  construct.  With  these  cells  we  were  able  to  elucidate  a  novel  mechanism  by  which 
EGF  promotion  of  MEK1,  but  not  MEK2,  activity  can  regulate  TGF-beta’s  ability  to  induce  invasion  and  EMT 
in  early  stage  prostate  cancer  cells.  This  appeared  to  result  from  the  ability  of  MEK1,  but  not  MEK2,  to  promote 
nuclear  accumulation  of  the  transcription  factor  Erk2.  As  part  of  aim  1  we  also  set  out  to  understand  whether 
EGF  stimulation  or  Ras  activity  regulated  TGF-beta’s  ability  to  slow  proliferation  and  found  that  neither  EGF 
or  Ras  abrogated  the  anti-proliferative  effects  of  TGF-beta.  TGF-beta  also  had  an  anti-proliferative  effect  on 
highly  metastatic  PC3-ML  cells  and  increased  expression  of  p21  in  all  cell  lines.  We  concluded  from  this  data 
that  signaling  pathways  that  promote  TGF-beta’s  ability  to  induce  invasion  and  metastasis  likely  do  not 
coordinately  regulate  TGF-beta’s  anti-proliferative  effects. 

In  regards  to  Aim  3,  because  of  this  data  above  we  felt  that  further  examination  of  Growth 
characteristics  and  growth  genes  were  less  important  than  understating  the  role  that  let-7  expression  might  have 
on  regulating  TGF-beta  responses  that  we  had  observed  in  our  preliminary  data.  We  therefore  cloned  a  pre-let7 
sequence  into  a  pBABE  vector  and  induce  over-expression  of  let-7  in  our  cells  and  found  that  let-7  inhibited 
TGF-beta’s  ability  to  induce  EMT  and  invasion  in  our  early  stage  prostate  cancer  cells  lines  as  well  as  in  highly 
metastatic  PC3-ML  cells.  Since  then  we  have  also  been  able  to  observe  a  correlation  with  increased  Lin28B 
expression  and  decreases  in  let-7  expression  in  our  model  and  have  seen  that  knockdown  of  lin28B  in  inhibits  E 
+  T  induce  invasion  and  EMT  in  our  cells  as  outlined  in  Aim  3.  Additionally,  as  part  of  Aim  2  we  have 
observed  increases  in  HMGA2  expression  in  malignant  and  metastatic  prostate  cancer  when  compared  to 
benign  and  normal  prostate  tissue  and  we  were  able  to  observe  a  coordinate  decrease  of  let-7a  expression  in 
metastatic  prostate  cancer  vs  normal  prostate.  These  results  were  submitted  to  the  journal  Prostate ,  but  were  not 
published  because  of  time  constraints  governed  by  my  graduation. 

Thus,  our  studies  have  provided  significant  insights  into  the  specific  mechanisms  regulating  TGF- 
beta’s  ability  to  induce  EMT  and  invasion  in  prostate  cancer  and  assigns  novel  functions  to  c-myc  and  the 
tumor  suppressor  microRNA  let-7a.  Specifically,  we  have  been  able  to  show  that  c-myc  expression  is 
required  for  EMT  and  that  EGF  and/or  Raf  activation  induced  down-regulation  of  microRNA  let-7a  is 
required  for  TGF-beta  to  induce  EMT.  Furthermore,  that  Ras  induced  Erk2  nuclear  localization  is 
sufficient  to  induce  EMT  and  an  invasive  phenotype  in  primary  prostate  cancer  cells.  Taken  together, 
this  implies  that  targeting  the  EGF-Ras-Raf-MAPK-Lin28B-Let-7a  pathway  could  inhibit  invasion  and 
metastasis  and  might  restore  the  tumor  suppressive  effects  of  TGF-beta.  Moreover,  our  data  suggests 
that  HMGA2  expression  might  serve  as  a  diagnostic  marker  for  the  metastatic  potential  of  prostate 
cancer. 
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Abstract 

Understanding  the  initial  mechanisms  by  which  epithelial  cells  transform  to  an  invasive  phenotype  is  critical  to 
the  development  of  diagnostics  which  can  identify  the  metastatic  potential  of  cancers  as  well  as  therapeutic 
agents  which  can  prevent  metastases.  Changes  in  cellular  response  to  the  TGF-beta  cytokine  are  known  to 
promote  epithelial  cell  invasion  and  metastasis  in  part  through  induction  of  epithelial  to  mesenchymal 
transitions  (EMT).  In  this  report  we  demonstrate  that  non-metastatic  human  prostate  cancer  cell  lines  of 
increasing  Gleason  Score  can  be  induced  to  undergo  EMT  when  treated  with  TGF-beta  in  combination  with 
EGF.  Mechanistic  studies  revealed  that  in  cells  stably  transfected  with  activated  Ras,  TGF-beta  alone  induced 
EMT  and  that  a  Ras-Raf-MEKl,  but  not  MEK2,  signaling  cascade  is  necessary  and  sufficient  for  Erk2  nuclear 
localization  which  works  in  concert  with  TGF-beta  to  promote  EMT.  Furthermore,  we  show  for  the  first  time 
that  expression  of  the  transcription  factor  c-myc,  which  is  phosphorlyated  by  Erk2,  is  required  for  EMT. 
Characteristically,  EMT  involved  adoption  of  a  spindle-shaped  morphology,  loss  of  E-cadherin  and  increased 
expression  of  Vimentin,  Fibronectin  and  Fibroblast  Specific  Protein-1  (S100A4).  Prostate  cells  undergoing 
EMT  became  invasive  and  expressed  several  genes  associated  with  metastasis  including  MT-MMP1,  MMP-2/9, 
the  MMP-9  homodimer,  Slug  and  Twist2.  In  sum,  we  demonstrate  a  novel  mechanism  by  which  non-invasive 
primary  prostate  tumor  cells  transition  to  an  invasive  phenotype  characteristic  of  malignant  tumor  cells  in 
response  to  TGF-beta  signaling. 

Introduction 

Epithelial-mesenchymal  transition  (EMT)  is  mostly  described  as  part  of  germ  layer  reorganization  and 
tissue  remodeling  during  embryonic  development.  However,  it  has  become  increasingly  clear  that  a 
reactivation  of  the  EMT  developmental  program  primes  malignant  epithelial  cells  for  the  dissemination,  and 
invasion  required  for  metastatic  spread  of  solid  tumors,  the  foremost  cause  of  mortality  in  prostate  cancer 
patients(l).  During  EMT,  tumor  cells  lose  cell-cell  contacts  and  the  cobblestone  networks  characteristic  of 
epithelial  tissues  and  adopt  a  spindle  shaped  morphology  and  migratory  phenotype  typical  of  fibroblasts(2). 
Additionally,  E-cadherin  and  P-catenin  expression  at  cell-cell  junctions  is  lost  as  cells  express  mesenchymal- 
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associated  genes  such  as  Vimentin,  Fibronectin  and  Fibroblast  Specific  Protein-1  (FSP-1;  also  known  as 
S100A4)(3).  Importantly,  these  changes  in  gene  expression  are  correlated  with  an  increasingly  invasive  and 
aggressive  tumor  cell  phenotype  that  is  associated  with  a  poorer  patient  prognosis(4-6).  Silencing  of  Vimentin 
or  re-expression  of  E-cadherin  in  invasive  cells  also  decreases  their  invasive  phenotype;  emphasizing  that  these 
genes  play  a  major  role  in  controlling  the  metastatic  behavior  of  tumor  cells(7-9).  Therefore,  understanding  the 
initial  molecular  mechanisms  regulating  the  EMT  phenotype  in  prostate  cancer  will  aid  in  identification  of  new 
tumor  biomarkers  or  therapeutics  to  target  cells  with  a  higher  metastatic  potential.  Currently  little  is  known  on 
what  the  key  regulators  of  metastatic  potential  are  in  prostate  cancer. 

EMT  is  induced  by  various  growth  factors,  specifically,  transforming  growth  factor-beta  (TGF-P) 
appears  to  be  the  most  ubiquitous  instigator  of  EMT  during  development  and  cancer(3,  10,  1 1).  In  canonical 
TGF-P  signaling,  TGF-P  ligands  activate  TGF-P  transmembrane  receptors  which  phosphorylate  latent  Smad 
proteins  that  form  transcription  factor  complexes  which  regulate  the  expression  of  TGF-p  responsive  genes(12). 
In  addition,  TGF-P  activates  a  variety  of  non-canonical  pathways,  including,  the  AKT,  mitogen  activated 
protein  kinase  (MAPK),  c-Jun  N-terminal  kinase  (JNK)  and  NF-kappaB  pathways(13-16).  Interestingly,  both 
TGF-P  induced  Smad  signaling  and  non-canonical  Ras-MAPK  activation  are  required  for  EMT,  however,  many 
cancer  cell  lines  exhibiting  proficient  TGF-P  signal  transduction,  do  not  undergo  TGF-P  mediated  EMT(17-20). 
These  findings  suggest  that  TGF-P  may  require  significant  cross  talk  with  other  pathways  to  coordinate  EMT. 
For  example,  in  some  instances  TGF-P  induced  EMT  and  metastasis  is  dependent  on  sustained  elevated  levels 
of  active  Ras-MAPK  signaling  resulting  from  Ras  over-expression  or  hyperactivity(21-23).  Thus,  while  the 
importance  of  Ras  signaling  in  promoting  EMT  is  well  documented,  why  non-conical  TGF-P  activation  of  the 
Ras-MAPK  pathway  is  not  sufficient  to  induce  EMT  alone  in  these  models  remains  unresolved. 

In  studies  of  the  prostate  cancer  ArCAP  model  using  transformed  cells,  simultaneous  treatment  with 
epidermal  growth  factor  (EGF)  and  TGF-P  induces  both  EMT  and  increased  metastatic  potential(22).  One 
plausible  explanation  is  that  EGF  activates  signaling  events  controlling  Ras  signaling  dynamics  that  work  in 
concert  with  TGF-beta  to  help  induce  EMT  in  earlier  stages  of  cancer.  Utilizing  non-transformed  and  hTERT 
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immortalized  primary  prostate  cells  isolated  from  human  prostates  of  increased  Gleason  score  (GS  6  to  8),  we 
report  that  TGF-P  combined  with  EGF  or  Ras  over-expression  drives  EMT  and  invasion  in  earlier  cancer  stages. 
Specifically,  we  found  that  MEK1  signaling  downstream  of  Ras  was  necessary  and  sufficient  for  TGF-P 
induced  EMT  and  that  EGF  and  MEK1  signaling  was  sufficient  to  induce  nuclear  accumulation  of  the  MEK1/2 
effector  molecule,  Erk2,  which  correlated  with  EMT.  Notably,  TGF-P  treatment  alone  was  unable  to  induce 
Erk2  nuclear  accumulation  despite  inducing  its  phosphorylation.  Furthermore,  we  demonstrate  that  a  mutant 
Erk2  construct  which  accumulates  in  the  nucleus  is  sufficient  to  drive  TGF-p  induced  EMT  in  early  grade 
prostate  cancer  cells,  and  that  this  relies  on  expression  of  the  c-myc  transcription  factor.  In  sum,  we 
demonstrate  a  novel  mechanism  by  which  MEK1  signaling  promotes  the  transition  of  primary  non- invasive 
tumor  cells  to  an  invasive  phenotype  characteristic  of  malignant  tumor  cells  in  response  to  TGF-p. 

Materials  and  Methods 

Cells 

IBC-lOa ,  PCa-20a  and  PCa-30a  cells  were  isolated  from  the  right  peripheral  zone  of  a  Gleason  score  6, 
7  and  8  prostate  tumors  respectively,  as  previously  described(24).  IBC-lOa  cells  were  immortalized  by  stable 
transfection  with  the  pLXSN-hTERT  retroviral  plasmid  (courtesy  of  John  Rhim,  USUHS,  Bethesda,  MD)  and 
identified  as  intermediate  basal  cells.  They  possess  minimal  gross  chromosomal  abnormalities  and  express 
CK5,  CK18,  p63,  PSA  and  PTEN(24).  PCa-20a  and  PCa-30a  cells  expressed  CK18,  PTEN  and  PSA  but  not 
CK7  or  p63.  Cells  were  maintained  in  serum  free  complete  keratinocyte  media  (cKm)  containing  EGF,  bovine 
pituitary  extract  (Invitrogen  Inc.,  Carlsbad,  CA)  and  50ug/ml  penicillin/streptomycin  (Mediatech,  Manassas, 
VA).  PC3-ML  cells  were  isolated  from  PC3  prostate  cancer  cells  (ATCC,  Bethesda,  MD)  based  on  their  ability 
to  metastasize  to  the  lumbar  vertebrae(25).  PC3-ML  cells  were  maintained  in  DMEM  with  10%  fetal  bovine 
serum  (FBS)  (Atlanta  Biologicals,  Lawrenceville,  GA)  and  50  ug/ml  penicillin/streptomycin  (Mediatech, 


Manassas,  VA). 
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RasV12,  Ras  V12S35,  RasV12C40  and  RasV12G37  were  stably  over-expressed  in  both  IBC-lOa  and 

PCa-20a  cells  using  the  pBABE-puro  retroviral  vector  (a  kind  gift  from  Dr.  Christian  Sell,  Drexel  University 

College  of  Medicine).  MEK1-DD  and  MEK2-DD  were  also  over-expressed  in  cells  using  the  pBABE-puro 

retroviral  vector  (a  kind  gift  of  Dr.  Mauricio  Reginato,  Drexel  University  College  of  Medicine).  HA-Erk2  WT 

and  HA-Erk2  D3 19N  were  expressed  in  cells  using  the  pLNCX  retroviral  vector  (a  kind  gift  from  Dr.  Claudio 

Torres,  Drexel  University  College  of  Medicine).  Scrambled  shRNA  constructs  and  shRNA  constructs  targeting 

c-myc  (TRCN0000039641)  were  purchased  from  Sigma  (St.  Louis,  MO).  shRNA  constructs  targeting  Erk2 

were  a  kind  gift  from  the  lab  of  Dr.  John  Blenis  (Harvard  Medical  School)  and  Dr.  Peter  Lelkes  (Drexel 

University)(26).  Retroviral  and  lentiviral  production  and  maintenance  of  transfected  cells  was  carried  out 

according  to  methods  previously  described(27). 

Antibodies 

Western  Blot  and  Immunoflourescnece  was  carried  out  according  to  previously  described  methods(28). 
For  western  analysis  primary  antibodies  targeting  Vimentin  and  Fibronectin  were  purchased  from  Sigma- 
Aldrich,  St.  Louis,  MO  (V6389  and  F3648  respectively);  E-cadherin,  Tubulin,  phosphorylated-Erkl/2, 
phosphorylated-Smad3,  phosphorylated-Akt,  c-myc  and  Slug  were  purchased  from  Cell  Signaling  Technology, 
Beverly,  MA  (2148,  4065,  9106,  9520,  4060,  9402  and  9585  respectively);  FSP-1  and  Twist2  were  purchased 
from  Abeam,  Cambridge,  MA  (ab27597  and  ab57997  respectively);  and  phosphorylated-c-myc  was  purchased 
from  Millipore,  Bellerica,  MA  (04-217).  For  IF,  primary  antibodies  targeting  Vimentin  were  purchased  from 
Sigma- Aldrich,  St.  Louis,  MO  (V6389);  p-catenin  was  purchased  from  Cell  Signaling  Technology,  Beverly, 

MA  (9582);  and  Erk2  were  purchased  from  Santa  Cruz  biotechnology,  Santa  Cruz,  CA  (sc- 1647). 

EMT  Induction 

Unless  otherwise  stated,  for  in  vitro  induction  of  EMT,  cells  were  trypsinized  and  plated  in  cKm  at  a  low 
density  (2  x  104  cells/ml).  The  next  day  (day  0)  cells  were  washed  once  in  Km  without  supplements  (i.e. 
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pituitary  extract  and  EGF)  and  media  was  replaced  with  Km  supplemented  with  TGF-pi  (10  ng/ml ;  Peprotech, 
Rocky  Hill,  NJ)  and/or  EGF  (10  ng/ml;  Invitrogen,  Carlsbad,  CA).  Media  in  all  experiments  was  changed  on 
days  3,  6  and  9,  and  cells  were  analyzed  on  day  10. 

Quantitative  Real-Time  PCR 

Total  RNA  was  isolated  using  Qiagen’s  RNAeasy  isolation  kit  per  manufacturer  instructions.  Target 
genes  were  amplified  using  the  1-step  Brilliant  SYBR  Green  qRT-PCR  kit  (Stratagene,  La  Jolla,  CA)  and  the 
MX3000P  thermocycler  (Stratagene,  La  Jolla,  CA)  per  manufacturer  instructions.  Primers  used  were  as  follows: 
Cyclophilin  A:  Fwd-GTGACTTCACACGCCTATATG,  Rev-ACAAGATGCCAGGACCGTA; 

Snail:  Fwd-GCTGCCAATGCTCATCTGGGACT,  Rev-CAGGGAGGTCAGCTCTGCCA; 

Slug:  Fwd-T  C  AGCTC  AGG  AGC  AT  AC  AGC ,  Rev-GACTCCACTCGCCCCAAAGA; 

Twistl:  Fwd-GTCCGCAGTCTTACGAGGAG,  Rev-CC AGCTT GAGGGT CT GAATC; 

Twist2:  Fwd-AGCAAGAAGTCGAGCGAAGA,  Rev-CAGCTTGAGCGTCTGGATCT; 

Zebl:  Fwd-T ATGAATGCCCAAACTGCAA,  Rev-TGGT GAT GCT GAAAGAGACG; 

Zeb2:  Fwd-CGCTTGACATCAATGAAGGA,  Rev-CTT GCC AC ACTCT GT GC ATT ; 

Vimentin:  Fwd-CCCTCACCTGTGAAGTGGAT,  Rev-TCCAGCAGCTTCCTGTAGGT; 

MT-MMP1:  Fwd- AC  ATT  GGAGGAGAC  ACCC  AC  Rev-T  AGGC  AGT  GTT  GAT  GG  ACGC ; 

MMP-2:  Fwd-CAAAAACAAGAAGACATACATCTT.  Rev-GCTTCCAACTTCACGCT; 

MMP-9-  Fwd:  CCCTGGAGACCTGAGAACCA,  Rev:  CCCGAGTGTAACCATAGCGG. 

Utilizing  the  2'ddCt  method,  empty-vector  or  parent  cells  grown  in  minimal  media  were  used  to  normalize  gene 
expression  across  treatments.  Relative  internal  mRNA  expression  of  target  genes  was  normalized  to 
Cyclophilin-A  expression  in  each  sample.  Each  sample  for  each  experiment  was  run  in  duplicate  and  averages 
are  representative  of  three  independent  experiments.  Statistical  significance  was  determined  using  Welch's 
unpaired  t-test. 
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Zymography 

Evaluation  of  enzymatic  activity  of  MMPs  was  assed  using  gelatin  zymography  as  previously 
described(29).  Media  conditioned  for  24  hrs  on  day  10  was  collected  and  protein  in  conditioned  media  was 
concentrated  10  fold  using  Amicon  Ultra- 15  centrifugation  filter  devices  according  to  manufacturer  instructions 
(Millipore,  Bellerica,  MA).  Between  0. 1  and  1  ug  of  protein  depending  on  cell  type  was  loaded  and  run  on  a 
10%  polyacrylamide  gel  containing  2  mg/ml  of  Gelatin  A. 

Invasion  Assays 

Following  experimental  treatments  cells  were  trypsinized  and  seeded  onto  Matrigel  coated  invasion 
inserts  with  0.8  um  porous  membranes  (BD  Biosciences,  Bedford,  MA)  at  a  density  of  5xl04  cells  per  well  in 
cKm  and  allowed  to  attach  for  2  hrs.  Media  on  the  top  chamber  was  then  changed  to  experimental  condition 
and  bottom  chamber  was  filled  with  cKm  containing  5%  FBS  (Atlanta  Biologicals,  Lawrenceville,  GA). 
Transwells  were  placed  at  37°C  for  48  hrs.  Cells  in  top  compartment  were  scraped  off  and  cells  which  migrated 
to  bottom  were  either  fixed  with  4%  paraformaldehyde  and  stained  with  0.1%  crystal  violet  or  trypsinized  and 
counted  using  a  hemocytometer.  Data  were  averaged  from  three  independent  experiments.  Prostashperes  were 
produced  as  previously  described  and  topped  with  Km  containing  experimental  condition,  0.2%  FBS  (Atlanta 
Biologicals,  Lawrenceville,  GA)  and  5%  Matrigel(30).  Media  was  changed  every  3  days  with  experimental 
condition  and  5%  Matrigel.  Prostasphere  acini  were  analyzed  after  12  days  of  culture. 

Results 

EGF  and  TGF-/3 function  synergistically  to  induce  EMT  in  primary  non-invasive  epithelial  cells  isolated 
from  prostate  cancer.  We  previously  isolated  3  different  human  prostate  epithelial  cell  lines  (termed  IBC-lOa, 
PCa-20a  and  PCa-30a)  from  tumors  of  increasing  Gleason  Scores  (GS6,  GS7  and  GS8,  respectively)(24,  31). 
Previous  studies  have  shown  that  TGF-P  alone  or  in  conjunction  with  other  growth  factors  can  induce  EMT  in 
transformed  cells,  but  whether  these  ligands  might  normally  induce  EMT  in  non-immortalized  primary  cells  has 
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yet  to  be  shown.  Therefore,  we  treated  each  cell  line  with  either  minimal  media  (Km)  as  a  control,  EGF,  TGF- 
pi  (TGF)  or  both  EGF  and  TGF-P  1  in  combination  (E  +  T)  (as  described  in  Materials  and  Methods)  and 
analyzed  the  expression  of  mesenchymal  and  epithelial-associated  proteins.  Treatment  of  all  three  cell  lines 
with  Km  or  EGF  failed  to  induce  expression  of  several  EMT  associated  genes,  including  Fibronectin  and 
Vimentin  (Figure  1  A).  In  all  cell  lines  TGF-P  alone  was  sufficient  to  induce  Fibronectin;  however,  a  significant 
loss  in  E-cadherin  expression,  and  induction  of  Vimentin  and  Fibroblast  Specific  Protien-1  (FSP-1)  only 
occurred  in  more  malignant  PCa-30a  cells  (Figure  1A).  In  contrast,  co-treatments  of  all  three  cell  lines  with  E  + 
T  induced  a  robust  EMT  response  as  characterized  by  expression  of  Vimentin  and  FSP-1,  loss  of  E-cadherin, 
disruption  of  epithelial  cell-cell  contacts,  cytoplasmic  accumulation  of  p-catenin  and  adoption  of  a  spindle 
shaped  morphology  (Figure  1  A,  IB  and  Supplemental  Figure  1).  We  also  found  that  the  metastatic  PC-3ML  cell 
line  constitutively  expressed  Fibronectin,  Vimentin  and  FSP-1  and  lacked  E-cadherin  expression  (Figure  1 A 
and  Supplemental  Figure  1). 

Notably,  a  stable  EMT  phenotype  was  maintained  as  indicated  by  continued  expression  of  Vimentin  in 
cells  cultured  for  an  additional  4  days  following  discontinuation  of  the  EMT  inducing  treatments  (Figure  1C). 

To  ensure  that  E  +  T  induced  EMT  was  not  an  artifact  associated  with  cell  lines,  cell  passage  or  continued 
growth  in  EGF  containing  media,  we  treated  freshly  established  organ  cultures  from  a  GS  6  prostate  cancer 
specimen  with  the  different  ligands.  These  organ  cultures  developed  outgrowths  of  prostate  epithelial  cells  and 
we  observed  that  E  +  T,  but  not  TGF-P  alone,  induced  significant  morphological  changes  reminiscent  of  EMT 
and  promoted  Vimentin  expression  after  ~6  days  of  treatment  (Figure  ID).  Taken  together  these  results  suggest 
that  signaling  pathways  activated  by  both  EGF  and  TGF-P  function  synergistically  to  induce  EMT  in  epithelial 
cells  derived  from  low  grade  prostate  tumors.  Furthermore,  they  imply  that  induction  of  EMT  by  TGF-p  does 
not  require  transformation  of  primary  cell  lines,  rather,  TGF-P  induction  of  EMT  may  be  a  characteristic  of 
epithelial  cells  isolated  from  higher  grade  tumors. 
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EGF  signaling  modulates  cellular  responses  to  TGF-J3  to  induce  the  up-regulation  of  pro-metastatic 

genes  and  an  invasive  phenotype.  Several  transcription  factors,  including  those  of  the  Snail  (Snail  and  Slug), 
Twist  (Twistl  and  Twist2)  and  Zeb  (Zebl  and  Zeb2)  families,  have  been  identified  as  important  regulators  of 
EMT  and  are  required  for  cell  movement  and  metastatic  spread  in  a  variety  of  cancers(32-39).  We  observed  that 
E  +  T  treatment  induced  expression  of  Slug  and  Twist2  in  IBC-lOa  cells  (4  and  9-fold  increase,  respectively) 
and  PCa-20a  cells  (3  and  8-fold  increase  respectively)  (Figures  2A  and  2B).  Treatment  of  these  cells  with  EGF 
or  TGF-p  alone  failed  to  elicit  significant  changes  in  the  expression  of  Slug.  EGF  alone  induced  Twist2 
expression  in  both  IBC-lOa  and  PCa-20a  cells,  but  less  than  that  observed  by  E  +  T  treatment  (Figures  2A  and 
2B).  In  PC3-ML  cells,  TGF-P  alone  was  sufficient  to  up-regulate  Slug  and  Twist2  mRNA  2.5  and  3-fold, 
respectively  (Figure  2A).  EGF  alone  had  no  effect  on  the  expression  of  these  genes,  and  E  +  T  treatment  was  as 
efficacious  as  TGF-p  treatment  alone  (Figure  2A).  In  contrast,  the  expression  of  Snail,  Twistl  and  Zebl/2  was 
not  induced  by  these  ligands  in  any  of  our  primary  cell  lines  (Supplemental  Figure  2A).  However,  PC3-ML 
cells  expressed  a  high  basal  level  of  Zebl  and  Twist2  (Supplemental  Figure  2B).  As  expected,  PC3-ML  cells 
constitutively  expressed  high  levels  of  Vimentin  in  minimal  media  regardless  of  treatment  (Figure  2A  and 
Supplemental  Figure  2B). 

The  up-regulation  of  matrix  metalloproteinases  (MMPs),  including  MMP-2,  MMP-9  and  MT-MMP1, 
are  also  associated  with  acquisition  of  an  EMT  phenotype,  and  are  important  to  breakdown  stromal  barriers 
during  invasion  and  metastasis(40).  In  IBC-lOa  and  PC-20a  cells,  treatment  with  E  +  T  induced  a  robust 
increased  in  MMP-2,  MMP-9  and  MT-MMP-1  gene  expression  and  accumulation  of  catalytically  active  MMP- 
2,  MMP-9  and  MMP-9  homodimer  in  conditioned  media  (Figure  2A  and  2C).  In  contrast,  treatment  of  PC3-ML 
cells  with  TGF-p  alone  was  sufficient  to  promote  the  enzymatic  activity  of  MMP-2,  MMP-9  and  the  MMP-9 
homodimer  in  conditioned  media  and  EGF  had  no  additive  effect  when  combined  with  TGF-P  (Figure  2C). 

To  functionally  demonstrate  the  invasive  capacity  of  cells  undergoing  EMT,  we  tested  the  affect  of 
EGF,  TGF-p  and  E  +  T  on  IBC-lOa  cells’  ability  to  migrate  through  a  matrigel-coated  modified  hoyden 
chamber.  While  Km,  EGF  and  TGF-p  alone  induced  little  to  no  invasion,  IBC-lOa  cells  treated  with  E  +  T 
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exhibited  significant  increases  in  cell  invasion  and  migration  (Figure  2D).  Furthermore,  utilizing  a  3- 
dimensional  Matrigel  model  that  recapitulates  in  vivo  glandular  organizational)),  we  observed  that  IBC-lOa 
cells  formed  tight  acinar-like  structures  (termed  prostaspheres)  in  the  presence  of  Km,  EGF  or  TGF-p  alone, 
however,  in  the  presence  of  E  +  T,  prostaspheres  were  disrupted  and  treatment  promoted  cell  to  emigration  from 
the  acini  and  their  invasion  through  the  surrounding  Matrigel  (Figure  2E).  Notably,  the  invading  IBC-lOa  cells 
were  spindle  shaped  and  expressed  Vimentin,  suggestive  of  EMT  (Figure  2E). 

Ras  activation  ofRaf  promotes  TGF-p  induced  EMT.  Ras  is  a  major  effector  molecule  of  EGF  signaling 
and  has  previously  been  implicated  in  promoting  TGF-P  mediated  EMT(23).  To  determine  the  role  of  Ras  in 
modulating  TGF-P  responses  in  IBC-lOa  and  PCa-20a  cells  we  stably  transfected  these  cells  with  either  a 
constitutively  active  Ras  construct  (pBABE:RasV12)  or  empty  vector  control  (pBABE)  and  treated  with  Km, 
EGF,  TGF-p,  or  E  +  T.  In  response  to  TGF-p  or  E  +  T  treatments,  Ras  transfected  cells  showed  a  reduction  in 
both  ‘cell-cell’  junctions  and  E-cadherin  expression,  along  with  concomitant  up-regulation  of  Vimentin  (Figure 
3A  and  Supplemental  Figure  3A).  Activated  Ras  is  known  to  mediate  its  signaling  through  several  downstream 
pathways,  we  therefore  transfected  IBC-lOa  and  PCa-30a  cells  with  specific  Ras  effector  mutants  including: 
RasV12-C40,  which  binds  PI3-kinase  to  activate  AKT  signaling,  RasV12-G37,  which  binds  RalGDS  to  activate 
phospholipase  D  signaling,  and  RasV12-S35,  which  binds  c-Raf  to  activate  MAPK  signaling(41).  While  all 
cells  increased  expression  of  Vimentin  and  FSP-1  in  response  to  treatment  with  E  +  T,  only  cells  transfected 
with  RasV12-S35  also  did  so  in  the  presence  of  TGF-P  alone  (Figure  3B  and  3C).  In  response  to  TGF-p 
treatment  RasV12-S35  transfected  cells  also  expressed  increased  activity  of  MMP-2,  MMP-9  and  the  MMP-9 
homodimer  and  demonstrated  enhanced  cell  motility  and  invasion  exhibiting  a  >3-fold  increase  in  migration 
and  invasion  in  modified  Boyden  chamber  assays  when  compared  to  controls  (Figures  3D  and  3E).  Moreover, 
TGF-p  treatment  of  IBC-lOa  or  PC-20a  cells  transfected  with  either  RasV12  or  RasV12-S35  significantly 
increased  expression  of  Vimentin,  Slug,  Twist2,  MMP-2  and  MMP-9  mRNA  (Figure  3F  and  Supplemental 
Figure  3F).  In  contrast,  IBC-lOa  and  PCa-20a  cells  transfected  with  Empty  vector,  RasV12-C40  or  RasV12- 


Page  11  of  37 


Carcinogenesis 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 


EMT  requires  MEK1  activation  of  Erk2  and  c-myc 

G37  failed  to  elicit  any  increase  in  expression  of  these  genes  in  response  to  TGF-P  (Figure  3F  and  Supplemental 
Figure  3F).  Taken  together,  these  results  indicate  that  EGF  signaling  through  the  Ras-Raf-MAPK  cascade 
potentiates  TGF-p  induction  of  EMT  in  non-invasive  prostate  epithelial  cells. 

MEK1,  but  not  MEK2,  activity  is  necessary  and  sufficient  for  TGF-fi  induced  EMT.  MEK1/2  activation 
of  Erkl/2  is  the  most  well  characterized  downstream  effect  of  Ras/Raf  signaling  and  is  critical  for  Ras  induced 
transformation^).  To  better  understand  the  signaling  dynamics  regulating  EMT,  IBC-lOa  cells  were  treated 
with  increasing  concentrations  of  either  a  MEK  1/2  inhibitor  (PD098059),  a  PI3K  inhibitor  (LY290042),  or  a 
SMAD3  inhibitor  (SIS3).  As  indicated  by  Vimentin  and  FSP-1  expression,  we  observed  that  the  EMT  response 
was  dramatically  inhibited  in  a  dose  dependent  manner  by  both  PD098059  and  SIS3  in  IBC-lOa  cells  (Figure 
4A  and  Supplemental  Figure  4A)  suggesting  that  signaling  through  MAPK  and  Smad3  are  both  necessary  for  E 
+  T  induced  EMT. 

We  also  stably  transfected  IBC-lOa  cells  with  a  constitutively  active  MEK1  or  MEK2  construct 
(pBABE:  MEK1-DD,  pBABE:MEK2-DD)  and  empty  vector  (pBABE),  as  a  control.  In  response  to  TGF-p, 
MEK1-DD  transfected  cells  demonstrated  a  decrease  in  E-cadherin  expression  and  induction  of  Vimentin 
(Figure  4B).  In  contrast,  MEK2-DD  transfected  cells  showed  a  partial  reduction  in  E-cadherin  expression,  but 
showed  no  induction  of  Vimentin  (Figure  4B).  Immunofluorescence  imaging  further  demonstrated  that 
Vimentin  expression  was  ubiquitously  induced  by  TGF-p  in  MEK1-DD,  but  not  in  MEK2-DD  transfected  IBC- 
lOa  cells  (Supplemental  Figure  4B).  MEK1-DD  and  MEK2-DD  transfected  IBC-lOa  overexpressed  MEK-1  and 
MEK-2  respectively  with  no  change  in  expression  to  the  other  MEK  protein  (Supplemental  Figure  4C).  MEK1- 
DD  and  MEK2-DD  transfected  cells  also  both  significantly  increased  phosphorylation  of  Erk  1/2  compared 
with  the  empty  vector  cells  (Figure  4C).  We  also  observed  that  phosphorylation  of  Erkl/2  was  elevated  in  IBC- 
lOa,  PCa-20a  and  PCa-30a  cells  when  treated  with  TGF-P  alone  and  levels  of  activated  Erk  1/2  were  equal  in 
IBC-lOa  cells  treated  with  either  EGF,  TGF-P  or  E  +  T  (Figure  4D  and  4E).  Surprisingly,  metastatic  PC3-ML 
cells  exhibited  decreased  levels  of  Erkl/2  phosphorylation  when  compared  to  IBC-lOa,  PCa-20a  and  PCa-30a 
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cells  despite  expressing  significantly  more  Ras  (Figure  4D).  Functional  Erk2,  but  not  Erkl,  is  previously  shown 
to  be  essential  for  EMT,  and  given  the  conflicting  results  above,  we  wanted  to  determine  if  Erk2  expression  was 
required  for  EMT  in  our  model(43).  We  trasnfected  PCa-20a  and  PCa-30a  cells  with  a  scrambled  shRNA  or 
shRNA  vector  targeting  Erk2  and  observed  that  treatment  with  E  +  T  or  TGF-P  in  PCa-20a  and  PCa-30a  cells 
with  Erk2  knockdown  failed  to  induce  Vimetin  and  FSP-1  or  down-regulate  E-cadherin  (Figure  4F).  Taken 
together,  these  findings  suggests  that  while  MEK1  signaling  specifically  regulates  EMT  and  Erk2  expression  is 
required  for  EMT,  differential  levels  of  Erk2  phosphorylation  are  not  regulating  EMT. 

Erk2  nuclear  accumulation  promotes  and  c-myc  expression  is  required  for  TGF-/3  induced  EMT. 

MEK1  and  MEK2  are  often  considered  to  be  redundant  in  function,  although  MEK1  and  MEK2  are  shown  to 
have  differential  effects  on  cellular  localization  of  Erk2(44).  Consistent  with  this  observation,  Erk2 
accumulated  in  the  nucleus  of  MEK1  transfected  IBC-lOa  cells  but  not  in  MEK2  or  empty  vector  transfected 
IBC-lOa  cells  cultured  in  Km  (Figure  5  A).  Additionally,  we  observed  that  TGF-p  alone  was  insufficient  to 
induce  nuclear  accumulation  of  Erk2  in  IBC-lOa  cells,  whereas  E  +  T  induced  a  dramatic  increase  in  Erk2 
nuclear  staining  (Figure  5B).  Significantly,  both  TGF-p  and  E  +  T  treatments  induced  sustained  Erk2 
accumulation  in  the  nucleus  of  PCa-30a  cells  which  undergo  EMT  with  TGF-P  treatment  alone  (Figure  5B).  To 
further  investigate  the  role  of  Erk2  nuclear  accumulation,  PCa-20a  cells  were  transfected  with  a  phosphatase 
resistant  Erk2  mutant  (D319N)  which  accumulates  in  the  nucleus  of  cells  and  WT  Erk2  as  a  control 
(Supplemental  Figure  5D)(45).  TGF-p  treatment  alone  was  sufficient  to  induce  Vimentin  and  FSP-1  expression 
and  promote  EMT  in  cells  transfected  with  mutant  Erk2  but  not  WT  Erk2  (Figure  5C).  It  is  well  established  that 
nuclear  Erk2  induces  c-myc  phosphorylation,  as  a  functional  consequence  of  Erk2  nuclear  accumulation  and  we 
also  observed  an  increase  in  phosphorylation  of  c-myc  at  serine  62  (Figure  5C)(46,  47).  Moreover,  transfection 
with  MEK1  induced  c-myc  phosphorylation  whereas  knockdown  of  Erk2  decreased  c-myc  phosphorylation  in 
response  to  E  +  T  treatments  in  PCa-20a  cells  and  treatment  of  TGF-P  alone  in  PCa-30a  cells  further  indicating 
that  Erk2  nuclear  accumulation  is  phosphorylating  c-myc  during  EMT(Supplemental  Figure  4E  and  4F).  These 


Page  1 3  of  37 


Carcinogenesis 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 


EMT  requires  MEK1  activation  of  Erk2  and  c-myc 

observations  prompted  us  to  discern  the  role  of  c-myc  in  promoting  TGF-P  induced  EMT.  We  transfected  IBC- 
10a  cells  with  a  c-myc  over-expression  construct  and  a  c-myc  targeting  shRNA  and  treated  them  with  TGF-p 
and  E  +T.  We  observed  that  c-myc  over-expression  was  insufficient  to  promote  TGF-P  induced  EMT,  however, 
c-myc  expression  was  required  for  induction  of  EMT  in  both  IBC-lOa  and  PCa-20a  cells  in  response  to  E  +T 
(Figure  5D  and  5E).  Knockdown  of  c-myc  also  significantly  inhibited  the  invasive  potential  of  IBC-lOa  cells 
in  response  to  E+T  (Figure  5F).  Furthermore,  knockdown  of  c-myc  or  Erk2  in  PC3-ML  cells  decreased 
expression  of  Vimentin  and  FSP-1  (Figure  5G). 

To  test  the  enhanced  metastatic  potential  associated  with  EMT,  PC3-ML  cells  containing  either  Erk2  or 
c-myc  shRNA  constructs  were  injected  intercardiacally  into  male  NOD-SCID  mice.  Previous  studies  have 
demonstrated  that  PC3-ML  cells  readily  metastasize  in  mice  to  distant  organ  sites  by  4  wk  post  injection 
(PI)(48).  We  found  that  at  5  wks  PI,  66%  of  mice  injected  with  PC3-ML  cells  carrying  a  control  scrambled 
shRNA  construct  exhibited  liver  and  adrenal  metastasis  and  33%  of  these  mice  exhibited  a  brain  metastasis 
(n=3)  (Supplemental  Figure  5  and  Table  1).  In  contrast,  shRNA-mediated  knockdown  of  c-myc  failed  to 
produce  distant  metastasis  in  mice  (n=6)  and  shRNA-mediated  knockdown  Erk2  produced  only  one  distant 
metastasis  (n=6)  (Supplemental  Figure  5A  and  5B  and  Table  1).  Knockdown  of  c-myc  and  Erk2  also  inhibited 
the  invasive  phenotype  typically  observed  in  PC3-ML  cells  (Supplemental  Figure  5C).  Taken  together  these 
results  suggest  that  nuclear  accumulation  of  Erk2,  which  is  stimulated  by  MEK1,  but  not  MEK2,  is  a  key 
regulator  of  TGF-p  induced  EMT  and  invasion.  Moreover,  these  results  indicate  that  c-myc  expression,  a  target 
of  activated  Erk2  in  the  nucleus,  is  required  for  EMT  and  that  inhibition  of  this  pathway  results  in  an  overall 
decreased  metastatic  potential  of  highly  invasive  prostate  cancer  cells. 

Discussion 

To  our  knowledge,  this  is  the  first  report  to  show  that  downstream  of  EGF,  Ras  and  Raf  signaling,  active 
MEK1,  but  not  MEK2,  is  necessary  and  sufficient  for  TGF-P  induced  EMT  in  a  variety  of  normally  non- 
invasive  primary  cells.  These  findings  imply  that  activation  of  MEK1  and  MEK2  has  differential  effects  on 
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TGF-P  signaling  and  that  their  role  in  growth  factor  signaling  is  not  interchangeable.  While  MEK1  and  MEK2 
share  extensive  homology,  it  is  shown  that  MEK1 -activated  Erk2  preferentially  accumulates  in  the  nucleus(44). 
In  agreement  with  a  previous  report(49),  our  findings  indicate  that  over-expression  of  a  mutant  of  Erk2  which 
accumulates  in  the  nucleus,  given  its  resistance  to  MAPK  phosphatases,  is  sufficient  for  TGF-P  alone  to  induce 
an  EMT  phenotype.  This  data  strongly  indicates  that  EGF  signaling  plays  an  important  role  in  modulating  TGF- 
P  responses  in  prostate  epithelial  cells  by  inducing  differential  Erk2  shuttling  to  the  nucleus  which  is  critical  for 
EMT.  This  data  also  suggests  that  there  may  be  a  role  for  MAPK  phosphatases,  which  reside  in  the  nucleus,  in 
regulating  EMT  and  TGF-p  responses. 

One  of  the  functions  of  nuclear  Erk2  is  phosphorylation  and  stabilization  of  the  transcription  factor  c- 
myc(46).  Although  in  vivo  breast  cancer  modeling  suggests  that  over-expression  of  c-myc  can  elicit  an  EMT 
phenotype  and  that  over-expression  of  c-myc  alone  can  induce  EMT  in  mammary  epithelial  cells,  there  is  a  lack 
of  studies  directly  indicating  whether  c-myc  expression  is  required  for  EMT  in  regards  to  TGF-p  induced 
invasion(50-52).  In  this  report,  we  demonstrate  that  expression  of  c-myc  is  critical  for  the  EMT  program  and  for 
TGF-p  induced  invasion.  Interestingly,  in  normal  epithelia  TGF-P  acts  as  a  tumor  suppressor  in  part  by 
repressing  c-myc,  therefore  it  is  conceivable  that  inhibition  of  c-myc  down-regulation  by  TGF-P  through  the 
Ras-MAPK  pathway  is  critical  for  the  tumor  promoting  activities  of  TGF-P(53).  Furthermore,  our  findings 
suggest  that  over-expression  of  c-myc  is  not  sufficient  for  EMT;  suggesting  that  post-translational 
phosphorylation  of  c-myc  may  have  a  larger  functional  role  in  tumor  progression  than  simply  stabilization  of 
the  c-myc  protein.  This  finding  is  in  agreement  with  a  recent  report  showing  that  in  mammary  epithelial  cells 
expressing  a  mutant  myc  protein  possessing  elevated  levels  of  phosphorylated  serine  62  results  in  invasive 
mammary  carcinoma(54).  In  addition,  c-myc  is  a  driver  of  the  pluripotent  phenotype,  regulating  stem  cell  self- 
renewal  and  differentiation,  and  is  shown  to  be  required  for  growth  of  tumor  initiating  prostate  cancer  cells(24, 
55,  56).  Interestingly,  EMT  in  human  mammary  epithelial  cells  also  includes  induction  of  classical  stem  cell 
markers  and  cells  undergoing  EMT  exhibit  some  level  of  cellular  plasticity(57,  58).  Therefore,  c-myc  activity 
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might  play  a  critical  role  in  regulating  EMT,  the  cellular  plasticity  associated  with  EMT  and  the  tumor  initiating 
characteristics  of  cells  undergoing  EMT. 

Reportedly,  Ras  and  Raf  mutations,  and/or  amplification,  are  a  rare  event  during  the  prostate  and  breast 
cancer  progression  and  has  lead  pathological  studies  to  doubt  the  clinical  contribution  of  Ras  alone  to  cancer 
matastasis  and  EMT(59,  60).  However,  alternative  molecular  processes  may  transiently  up-regulate  Ras  and  Raf 
activity,  including  increased  expression  of  Ras  GEFs  and  reduced  expression  of  Ras  GAPs.  For  example, 
enhancer  of  zeste  homolog  2  (EZH2),  a  member  of  the  Polycomb  Repressive  Complex  2,  is  shown  to  silence 
disabled  homolog  2-interacting  protein  (DAB2IP),  a  Ras  GAP,  thereby  inducing  hyperactive  Ras  and  promoting 
increased  prostate  cancer  metastasis(61).  Since  EZH2  expression  is  greatly  increased  in  metastatic  prostate 
cancer  cells  compared  to  localized  prostate  cancers,  it  is  possible  that  a  transient  up-regulation  of  Ras  activity 
may  contribute  to  EMT  invasion  and  metastatic  progression  of  human  prostate  cancer(62). 

While  non-canonical  MAPK  activation  by  TGF-P  appears  to  be  required  for  TGF-P  mediated  EMT,  it  is 
also  apparent  that  constitutive  activation  of  Ras  along  with  TGF-P  can  act  cooperatively  to  promote  EMT  when 
TGF-p  alone  cannot(63,  64).  Our  findings  suggest  that  the  ability  for  EGF  and  MEK1  to  differentially  direct 
Erk2  cellular  localization  may  serve  as  a  functional  mechanism  for  the  synergistic  signaling  between  Ras  and 
TGF-P  to  induce  EMT.  From  our  findings,  we  propose  a  model  by  which  Erk2  must  be  activated  and  shuttled 
to  the  nucleus  where  it  can  phosphorylate  c-myc  and,  in  cooperation  with  TGF-P  signaling,  induce  EMT. 
Therefore,  in  circumstances  where  TGF-P  alone  cannot  induce  EMT,  Erk2  may  not  have  sufficiently 
accumulated  in  the  nucleus,  or  c-myc  may  not  be  adequately  expressed.  In  this  case,  auxiliary  pathways,  such  as 
EGF  activation  of  Ras,  may  be  required  for  TGF-P  mediated  EMT.  In  agreement  with  this  hypothesis,  other 
studies  have  shown  that  sustained  MAPK  signaling  directed  by  Ras,  Raf,  EGF  or  Erb2  over-expression  is  often 
necessary  to  promote  robust  and  sustainable  EMT  in  response  to  TGF-P  treatment(21-23). 

Recent  studies  have  suggested  that  EMT  and  metastatic  dissemination  may  be  an  early  event  in 
tumorigenesis(65,  66).  Our  results  support  this  concept  and  suggest  that  early  stage  prostate  cancer  cells  possess 
the  genetic  repertoire  necessary  for  EMT  and  invasion.  In  early  stage  tumors,  it  is  feasible  that  increased  TGF-P 
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and  EGF  levels  may  arise  from  chronic  inflammation  or  the  reactive  stroma  associated  with  early  tumors  to 
induce  EMT  and  invasion(67,  68).  Future  studies  examining  the  nuclear  localization  of  Erk2  in  cancer  cells  at 
the  leading  edges  of  tumors  may  aid  identification  of  early  stage  cancers  that  are  poised  to  metastasize,  and 
identify  patients  with  a  poorer  prognosis  who  may  require  more  aggressive  therapeutic  intervention. 

Supplementary  Material 

Supplementary  Figures  can  be  found  at  http://carcin.oxfordjoumals.org/ 
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Tables  and  Figure  Legends 

Table  1.  Summary  of  PC3-ML  tumor  development  in  NOD-SCID.  Male  NOD-SCID  mice  were  injected 
intercardiacally  with  5  x  104  cells  of  PC3-ML  cells  expressing  GFP  and  transfected  with  a  scrambled  shRNA 
vector  (n=3),  an  Erk2  targeted  shRNA  construct  (n=6)  or  a  c-myc  targeted  shRNA  construct  (n=6).  Tumor 
development  in  thoracic  cavity,  abdominal  cavity,  adrenal  gland,  liver  and  brain  was  assessed  5  wk  after 
injection.  Totals  represent  number  of  tumors  identified  at  given  location  per  total  number  of  mice  injected. 
Tumors  from  the  thoracic  cavity  were  harvested  weighed  and  averaged  showing  standard  deviation  (n  =  9,  12 
and  12  for  tumors  harvested  from  sh  Scram,  sh  Erk2  and  sh  c-myc  respectively),. 
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Figure  1.  EGF  and  TGF-P  act  synergistically  to  induce  EMT  in  primary  human  prostate  epithelial  cells. 

(A)  Western  Blots  of  crude  cell  extracts  from  cells  treated  with  minimal  media  (Km),  or  Km  containing  10 
ng/ml  EGF  (EGF),  10  ng/ml  TGF-p  (TGF)  or  10  ng/ml  of  EGF  +  TGF-p  (E  +  T)  as  described  in  Materials  and 
Methods.  IBC-lOa  cells,  PCa-20a  cells  and  PCa-30a  cells  were  isolated  from  Gleason  Score  (GS)  6,  7  and  8 
prostate  cancers,  respectively.  Blots  were  probed  with  antibodies  specific  for  Fibronectin,  E-cadherin, 

Vimentin,  Fibroblast  Specific  Protein- 1  (FSP-1)  and  Tubulin  (loading  control).  (B)  Images  of  IBC-lOa  cells 
cultured  in  Km,  EGF,  TGF-P  or  E  +  T.  Phase  contrast  images  show  a  reduction  in  cell-cell  contacts  in  E  +  T 
treated  IBC-lOa  and  acquisition  of  a  spindle-shaped  morphology  (see  red  arrows)  (Top  Panel). 
Immunofluorescent  images  of  cells  labeled  with  antibodies  specific  for  p-catenin  (Middle  Panel;  green)  and 
Vimentin  (Bottom  Panel;  green).  Cell  nuclei  (red)  were  labeled  with  propidium  iodide.  (Top/Middle  Panels: 
400x  magnification)  (Bottom  Panel:  200x  magnification).  (C)  Western  Blot  analysis  of  E-cadherin,  Vimentin 
and  Actin  (loading  control)  expression  in  IBC-lOa  cells  treated  with  E  +  T  at  day  0  through  9,  and  4  days  post 
treatment,  where  cells  were  cultured  in  cKm.  (D)  Induction  of  EMT  in  prostate  organ  cultures.  Phase  Contrast 
and  immunofluorescent  imaging  show  prostate  epithelial  cells  derived  from  GS6  prostate  cancer  tissue, 
emigrating  out  of  the  tissue  and  strongly  expressing  vimentin  (red)  in  response  to  concomitant  E  +  T  treatment, 
but  not  TGF-P  alone,  Nuclei  labeled  with  DAPI  (200x  magnification). 

Figure  2.  EGF  signaling  modulates  TGF-P  signaling  to  up-regulate  genes  associated  with  an  invasive 
phenotype  in  primary  prostate  epithelial  cells.  (A)  Expression  of  Vimentin,  Slug,  Twist2,  MT-MMP-1,  MMP-2 
and  MMP-9  genes  in  IBC-lOa  (left),  PCa-20a  (middle)  and  PC3-ML  cells  (right).  Effects  of  EGF  (10  ng/ml ) 
(light  gray),  TGF-p  (10  ng/ml)( dark  gray),  and  EGF  +  TGF-p  (10  ng/ml  each)  (E  +  T)  (black)  treatments  on 
gene  expression  was  determined  by  qRT-PCR.  Values  were  normalized  to  cyclophilin-A  and  represent  the  fold 
increase  in  expression  relative  to  cells  treated  with  Km  (white).  Data  represent  the  mean  ±  S.D.  from  three 


independent  experiments.  Statistical  significance  comparing  TGF-P  treatment  alone  to  E  +  T  was  determined 
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using  Welch’s  unpaired  t-test,  where  *  =  p-value  <0.05,  **  =  p-value  <  0.01;  ***  =  p-value  <  0.001;  #  =  no 
significant  difference  (p-value  >  0.1).  (B)  Western  Blot  analysis  of  Slug  and  Twist2  in  IBC-lOa  cells  treated  9 
days  with  Km,  EGF,  TGF-P  or  E  +  T.  Tubulin  served  as  the  loading  control.  (C)  Representative  gelatin 
zymographs  of  conditioned  media  from  IBC-lOa,  PCa-20a  and  PC3-ML  cells  treated  with  EGF,  TGF-p  or  E  + 
T.  Equal  amounts  of  protein  from  conditioned  medium  from  each  treatment  was  resolved  by  10%  PAGE 
containing  gelatin-A  (2mg/ml).  Coomassie  Blue  staining  reveals  relative  levels  of  enzyamtically  active  MMP-9 
homodimer  (210  kDa),  MMP-9  (92kDa)  and  MMP-2  (72kDa)  in  media.  (D)  Modified  Boyden  Chamber 
Invasion  assays  showing  cell  migration  following  treatment  with  Km,  EGF,  TGF-P  or  E  +  T  for  48  hr. 
Representative  image  of  cells  on  bottom  of  chamber  stained  with  brilliant  blue  dye.  (E)  Prostasphere  culture 
showing  three-dimensional  acinar  structures  formed  by  IBC-lOa  cells  grown  as  single  cell  suspensions  in 
Matrigel  for  12  days  in  the  presence  of  different  growth  factors.  (Top  Panel)  Phase  contrast  images  shows  cells 
grew  as  rounded  spheres  in  the  presence  of  Km,  EGF  and  TGF-p.  In  contrast,  cells  grown  in  the  presence  of  E 
+  T  were  irregularly  shaped  and  cells  invaded  the  surrounding  Matrigel  (see  red  arrows).  (Lower  Panel) 
Immunofluorescent  labeling  of  Prostaspheres  with  Vimentin  antibodies  (green).  Nuclei  labeled  with  propidium 
iodide  (200x  magnification). 

Figure  3.  Ras  activation  of  Raf  induces  TGF-P’s  pro-invasive  response.  (A)  Western  Blot  analysis  for  E- 
cadherin,  Vimentin  and  Tubulin  (loading  control)  expression  in  IBC-lOa  (left)  and  PCa-20a  (right)  cells  stably 
transfected  with  pBABE:RasV12,  and  treated  with  minimal  media  (Km),  EGF  (10  ng/ml),  TGF-P  (10  ng/ml ), 
or  EGF  +  TGF-p  in  combination  (E  +  T).  (B)  Western  Blot  analysis  for  E-cadherin,  Vimentin  and  Tubulin 
(loading  control)  expression  in  IBC-lOa  and  PCa-20a  cells  stably  transfected  with  pBABE:RasV12-C40, 
pBABE:RasV12-G37,  and  pBABE:RasV12-S35  vectors.  Cells  were  treated  with  Km,  EGF,  TGF-P,  or  E  +  T. 
(C)  Western  Blot  analyses  of  FSP-1  and  Tubulin  (loading  control)  expression  in  IBC-lOa  cells  stably 
transfected  with  Empty  vector  (Empty),  pBABE:RasV12-C40,  pBABE:RasV12-G37,  or  pBABE:RasV12-S35 
and  treated  with  TGF-p.  (D)  Quantification  of  Modified  Boyden  Chamber  invasion  assays  showing  the  invasive 
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activity  of  IBC-lOa  cells  stably  transfected  with  Empty  vector  (Empty),  pBABE:RasV12-C40, 
pBABE:RasV12-G37,  and  pBABE:RasV12-S35  variants  and  treated  with  TGF-p.  Values  are  representative  of 
three  independent  replicates.  Mean  ±  SD,  where  **  =  p-value  <0.01,  compared  to  Empty  vector  control.  (E) 
Gelatin  zymographs  of  conditioned  media  24  hours  after  last  treatment  from  pBABE:RasV12-C40, 
pBABE:RasV12-G37,  and  pBABE:RasV12-S35  and  pBABE:Empty  variants  of  IBC-lOa  cells  treated  with 
TGF-(3.  (F)  Relative  expression  of  Slug,  Twist-2,  MMP-2  and  MMP-9  mRNA  in  IBC-lOa  cells  transfected  with 
pBABE:RasV12-C40  (light  gray  bars);  pBABE:RasV12-G37  (dark  gray  bars);  pBABE:RasV12-S35  (black 
bars);  and  pBABE.Empty  (white  bars)  variants  treated  with  TGF-P  by  qRT-PCR.  Values  normalized  against 
cyclophilin-A  and  represent  the  fold  increase  in  expression  compared  to  pBABE:Empty  cells.  Mean  ±  1  S.D. 
from  3  independent  experiments.  Statistical  significance  was  derived  using  Welsh’s  unpaired  t-test,  where  *  = 
p-value  <0.05,  **  =  p-value  <  0.01;  ***  =  p-value  <  0.001  when  comparing  RasV12  and  RasV12-S35  cells  to 
pBABE:Empty  cells. 

Figure  4.  MEK1,  but  not  MEK2,  activity  is  necessary  and  sufficient  for  TGF-P  induced  EMT. 

(A)  Western  Blot  analysis  of  phosphorylated-Erk  1/2,  Vimentin,  FSP-1  and  Tubulin  (loading  control) 
expression  in  IBC-lOa  cells  cultured  in  either  Km  with  0.5%  DMSO  (Km  +  DMSO),  Km  with  10  ng/ml  of  EGF 
+  TGF-P  with  0.5%  DMSO  (E  +  T  +  DMSO),  or  Km  with  10  ng/ml  of  EGF  +  TGF-p  with  increasing 
concentrations  of  the  MEK1/2  inhibitor  PD09859  (+PD098).  (B)  Western  Blot  analysis  of  E-cadherin,  Vimentin 
and  Tubulin  (loading  control)  expression  in  IBC-lOa  cells  stably  transfected  with  constitutively  active  MEK1 
(pBABE:MEKl-DD),  MEK2  (pBABE:MEK2-DD),  and  Empty  vector  (pBABE:Empty)  and  treated  with  TGF- 
P  (10  ng/ml).  (C)  IBC-lOa  cells  from  (B)  were  cultured  in  minimal  media  the  expression  of  phosphorylated- 
Erkl/2,  total-Erk  1/2  and  Tubulin  (loading  control)  examined  by  Western  Blot.  (D)  Western  Blot  analysis  of 
phosphorylated-Erkl/2,  total-Erkl/2,  Ras  and  Tubulin  (loading  control)  expression  in  IBC-lOa,  PCa-20a,  PCa- 
30a  and  PC3-ML  cells  following  treatment  with  to  TGF-p.  (E)  Western  Blot  analysis  of  phosphorylated-Erkl/2, 
total-Erkl/2  and  Tubulin  (loading  control)  expression  in  IBC-lOa  cells  treated  with  minimal  media  (Km),  EGF 
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(10  ng/ml '),  TGF-p  (10  ng/ml),  or  EGF  +  TGF-P  (10  ng/ml )  (E  +  T).  (F)  Western  Blot  analysis  of  E-cadherin, 
Vimentin,  FSP-1,  total  Erkl/2  and  Tubulin  (loading  control)  expression  in  PCa-20a  and  PCa-30a  cells  stably 
transfected  with  a  scrambled  shRNA  construct  or  a  shRNA  construct  targeting  Erk2  after  treatment  with  TGF-P, 
EGF,  or  E  +  T. 

Figure  5.  Erk2  nuclear  localization  and  c-myc  expression  promote  TGF-p  induced  EMT.  (A) 

Immuno fluorescent  imaging  of  Erk2  localization  (red)  in  IBC-lOa  cells  transfected  with  pBABE:Empty, 
pBABE:MEKl-DD,  or  pBABE:MEK2-DD.  Cells  were  grown  in  minimal  media  and  probed  for  Erk2 
localization  (400x  magnification).  (B)  Immunofluorescent  images  of  PCa-20a  and  PCa-30a  cells  treated  with 
TGF-p  (10  ng/ml)  (TGF)  or  EGF  +  TGF-p  (10  ng/ml  each)  (E  +  T)  (400x  magnification).  (C)  Western  Blot 
analysis  of  E-cadherin,  Vimentin,  serine  62  phosphorylated  c-myc  (c-myc  pS62),  FSP-1,  and  Tubulin  (loading 
control)  expression  in  PCa-20a  cells  stably  transfected  with  Erk2  WT  construct  (pLNCX:HA-Erk2),  a 
phosphatase  resistant  mutant  Erk2  (pLNCX:HA-Erk2  D3 19N)  or  empty  vector  (pBABE:Empty)  as  control  and 
treated  with  TGF-p.  (D)  Western  Blot  analysis  of  E-cadherin,  Vimentin,  c-myc,  FSP-1  and  Tubulin  (loading 
control)  expression  in  IBC-lOa  cells  stably  transfected  with  an  empty  vector,  c-myc  overexpression,  scrambled 
shRNA  or  a  shRNA  targeting  c-myc  construct.  Cells  were  treated  with  TGF-p  alone  or  concomitant  EGF  + 
TGF-P  (E  +  T).  (E)  Western  Blot  analysis  of  E-cadherin,  Vimentin  and  Tubulin  (loading  control)  expression  in 
PCa-20a  cells  stably  transfected  with  a  scrambled  shRNA  or  a  shRNA  targeting  c-myc  construct  and  treated 
with  concomitant  EGF  +  TGF-P  (E  +  T).  (F)  Quantification  of  Modified  Boyden  Chamber  invasion  assays 
showing  the  invasive  activity  of  IBC-lOa  cells  stably  transfected  with  a  scrambled  shRNA  or  a  shRNA  targeting 
c-myc  and  treated  with  E  +  T.  Values  are  representative  of  three  independent  replicates.  Mean  ±  SD,  where  ** 

=  p-value  <0.01,  compared  to  Empty  vector  control.  (G)  Western  Blot  analysis  of  Vimentin,  c-myc,  total-Erk 
1/2,  FSP-1  and  Tubulin  (loading  control)  expression  in  PC3-ML  cells  stably  transfected  with  a  scrambled 
shRNA,  a  shRNA  targeting  Erk2  or  a  shRNA  targeting  c-myc  construct. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 


Carcinogenesis 


Page  24  of  37 


EMT  requires  MEK1  activation  of  Erk2  and  c-myc 

Supplemental  Figure  1.  Immunofluorescent  images  of  PCa-20a  and  PCa-30a  cells  grown  in  minimal  media 
(Km),  EGF  (10  ng/ml),  TGF-pl  (10  ng/ml)  (TGF)  or  EGF  +  TGF-pl  (10  ng/ml  each)  (E  +  T).  Similarly,  PC3- 
ML  cells  were  grown  in  DMEM  supplemented  with  EGF,  TGF-p  or  E  +  T.  Cells  were  labeled  with  antibodies 
for  P-catenin  (top  row;  green,  400x  magnification)  and  Vimentin  (bottom  row;  green,  200x  magnification).  Cell 
nuclei  (red)  were  labeled  with  propidium  iodide. 

Supplemental  Figure  2.  (A)  qRT-PCR  measurements  of  gene  expression  in  IBC-lOa  (left),  PCa-20a  (middle) 
and  PC3-ML  cells  (right).  Cells  were  treated  with  in  Km  (white),  10  ng/ml  of  EGF  (light  gray),  10  ng/ml  TGF- 
pi  (dark  gray)  or  10  ng/ml  EGF  +  TGF-p  1  (black).  Primers  were  specific  for  Snail,  Twistl,  Zebl  and  Zeb2. 
Values  normalized  for  cyclophilin-A  and  represented  as  the  fold  expressed  relative  to  cells  treated  with  Km  (set 
at  1).  Values  represent  the  mean  +/-  1  S.D.  from  3  experiments.  (B)  qRT-PCR  analysis  of  gene  expression  in 
IBC-lOa  (white),  PCa-20a  (gray)  and  PC3-ML  cells  (black)  cells  grown  in  Km  for  10  days.  Shows  basal  levels 
of  Snail,  Slug,  Twistl,Twist2,  Zebl,  Zeb2  and  Vimentin  mRNA  normalized  for  cyclophilin-A  mRNA  and 
represented  as  fold  expressed  relative  to  IBC-lOa  cells. 

Supplemental  Figure  3.  (A-C)  Western  Blots  of  crude  cell  extracts  from  IBC-lOa  cells  stably  transfected  with 
Empty  vector  (pBABE:Empty),  pBABE:RasV12  or  Ras  effector  mutants  (pBABE:RasV12-C40; 
pBABE:RasV12-G37;  and  pBABE:RasV12-S35).  Variants  were  grown  in  minimal  media  (Km).  Blotted  with 
antibodies  specific  for  E-cadherin,  Vimentin,  Ras,  pAKT,  total  AKT,  pErkl/2,  total  Erk  1/2  and  Tubulin 
(loading  control).  (D)  qRT-PCR  analysis  of  Vimentin  mRNA  in  IBC-lOa  (left)  and  PCa-20a  (right)  cells  stably 
transfected  with  a  constitutively  active  Ras  construct  (pBABE:RasV12)  or  Ras  effector  mutants 
(pBABE:RasV12-C40;  pBABE:RasV12-G37;  pBABE:RasV12-S35)  and  Empty  vector  (pBABE:Empty)  and 
treated  with  TGF-p  (10  ng/ml).  Values  normalized  for  cyclophilin-A  and  represented  as  fold  expressed  relative 
to  empty  vector.  Values  represent  the  mean  +/-  1  S.D.  from  3  experiments.  (E)  Immunofluorescent  images  of 
IBC-lOa  and  PCa-20a  cells  stably  transfected  with  pBABE-S35  and  grown  in  minimal  media  (Km),  or  Km 
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EMT  requires  MEK1  activation  of  Erk2  and  c-myc 

plus  10  ng/ml  EGF  (EGF),  TGF-P  1  (TGF)  or  EGF  +  TGF-p  1  (E  +  T).  Cells  labeled  with  Vimentin  (green,  200x 
magnification).  Cell  nuclei  (blue)  labeled  with  DAPI.  (F)  qRT-PCR  analysis  of  Slug,  Twist-2,  MMP-2  and 
MMP-9  mRNA  levels  in  IBC-20a  cells  stably  transfected  with  pBABE:RasV12-C40  (light  gray); 
pBABE:RasV12-G37  (dark  gray);  pBABE:RasV12-S35  (black);  and  pBABE:Empty  (white)  and  treated  with 
TGF-p.  Values  normalized  for  cyclophilin-A  and  represented  as  fold  expressed  relative  to  empty  vector  cells. 
Values  represent  the  mean  +/-  1  S.D.  from  3  experiments. 

Supplemental  Figure  4.  (A)  Western  Blots  of  crude  cell  extracts  from  IBC-lOa  cells  grown  in  either  Km  with 
0.5%  DMSO  (Km  +  DMSO),  or  Km  supplemented  with  10  ng/ml  of  EGF  +  TGF-p  1  with  0.5%  DMSO  (E  +  T 
+  DMSO);  or  Km  supplemented  with  10  ng/ml  of  EGF  +  TGF-p  1  with  increasing  concentrations  of  either  SIS3 
(left)(a  SMAD3  inhibitor)  or  LY290042  (right)  (a  PI3-kinase  inhibitor).  Blotted  with  antibodies  specific  for 
phosphorylated  SMAD  3  (pSMAD3)  (left)  or  phosphorylated  AKT  (pAKT)  (right),  or  with  Vimentin, 

Fibroblast  Specific  Protein- 1  (FSP-1)  and  Tubulin  (loading  control)  antibodies.  (B)  Western  Blots  of  crude  cell 
extracts  from  IBC-lOa  cells  stably  transfected  with  constitutively  active  MEK1  (pBABE:MEKl-DD) 
constitutively  active  MEK2  (pBABE:MEK2-DD)  and  Empty  vector  (pBABE:Empty)  and  blotted  with 
antibodies  for  MEK1,  MEK2  and  Tubulin  (loading  control).  (C)  Immunofluorescent  images  of  IBC-lOa  cells 
transfected  with  activated  MEK  constructs  (pBABE:MEKl-DD  and  pBABE:MEK2-DD),  treated  with  TGF-p 
and  labeled  for  Vimentin  (green;  400x  magnification).  Nuclei  (blue)  stained  with  DAPI.  (D)  Immunofluorescent 
images  of  PCa-20a  cells  transfected  with  empty  vector  (pBABE:Empty),  a  WT  Erk2  construct  (pLNCX:HA- 
Erk2)  or  a  phosphatase  resistant  Erk2  construct  (pLNCX:HA-Erk2  D319N).  Cells  were  plated  in  growth  media 
and  grown  in  minimal  media  for  24  hrs  and  probed  for  Erk2  localization  (red,  400x  magnification.).  (E) 

Western  Blot  analysis  of  crude  cell  extracts  from  IBC-lOa  cells  stably  transfected  with  constitutively  active 
MEK1  (pBABE:MEKl-DD),  MEK2  (pBABE:MEK2-DD),  and  Empty  vector  (pBABE:Empty)  grown  in 
minimal  media  and  blotted  for  serine  62  phosphorylated  c-myc  (c-myc  pS62)  and  Tubulin  (loading  control).  (F) 
Western  Blot  analysis  of  crude  cell  extracts  from  PCa-20a  and  PCa-30a  cells  stably  transfected  with  a 
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EMT  requires  MEK1  activation  of  Erk2  and  c-myc 

scrambled  shRNA  construct  or  an  shRNA  construct  targeting  Erk2  after  treatment  with  10  ng/ml  EGF  and  TGF- 
(3  in  combination  (E  +  T)  or  TGF-(3  alone  (TGF),  respectively.  Blotted  with  antibodies  to  serine  62 
phosphorylated  c-myc  (c-myc  pS62),  total  c-myc  and  Tubulin  (loading  control). 


Supplemental  Figure  5.  (A)  Representative  light  and  green  fluorescent  images  of  tumors  within  the  thoracic 
cavity  of  mice  injected  intercardiacally  with  PC3-ML  cells  stably  transfected  with  a  scrambled  shRNA 
construct,  a  shRNA  targeting  Erk2  construct  or  a  shRNA  targeting  c-myc  construct  5  weeks  post  injection.  (B) 
Representative  light  and  green  flourscent  images  of  tumors  found  within  the  abdominal  cavity,  adrenal  gland, 
liver  and  brain  of  mice  injected  intercardiacally  with  PC3-ML  cells  stably  transfected  with  a  scrambled  shRNA 
construct  5  weeks  post  injection.  (C)  Phase  contrast  imaging  of  three-dimensional  acinar  structures  formed  by 
PC3-ML  cells  stably  transfected  with  a  scrambled  shRNA,  a  shRNA  targeting  Erk2  or  a  shRNA  targeting  c- 
myc  construct  and  grown  as  a  single  cell  suspensions  in  Matrigel  for  12  days. 


Table  1.  Summary  of  PC3-ML  tumor  development  in  NOD-SCID. 


Cell  Line 

Thoracic 

Cavity 

Tumor  mass 
(mg) 

Abdominal 
Cavity  Met 

Adrenal 

Metastasis 

Liver 

Metastasis 

Brain 

Metastasis 

PC3-ML 
sh  Scram 

3/3 

16.5  ±  11 

2/3 

2/3 

2/3 

1/3 

PC3-ML 
sh  Erk2 

6/6 

7.2  ±3.0 

1/6 

1/6 

1/6 

0/6 

PC3-ML 
sh  c-myc 

5/6 

6.3  ±3.1 

0/6 

0/6 

0/6 

0/6 
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(A)  Western  Blots  of  crude  cell  extracts  from  cells  treated  with  minimal  media  (Km),  or  Km  containing  10 
ng/ml  EGF  (EGF),  10  ng/ml  TGF-beta  (TGF)  or  10  ng/ml  of  EGF  +  TGF-beta  (E  +  T)  as  described  in  Materials 
and  Methods.  IBC-lOa  cells,  PCa-20a  cells  and  PCa-30a  cells  were  isolated  from  Gleason  Score  (GS)  6,  7 
and  8  prostate  cancers,  respectively.  Blots  were  probed  with  antibodies  specific  for  Fibronectin,  E-cadherin, 
Vimentin,  Fibroblast  Specific  Protein-1  (FSP-1)  and  Tubulin  (loading  control).  (B)  Images  of  IBC-lOa  cells 
cultured  in  Km,  EGF,  TGF-beta  or  E  +  T.  Phase  contrast  images  show  a  reduction  in  cell-cell  contacts  in  E  + 
T  treated  IBC-lOa  and  acquisition  of  a  spindle-shaped  morphology  (see  red  arrows)  (Top  Panel). 
Immunofluorescent  images  of  cells  labeled  with  antibodies  specific  for  beta-catenin  (Middle  Panel;  green) 
and  Vimentin  (Bottom  Panel;  green).  Cell  nuclei  (red)  were  labeled  with  propidium  iodide.  (Top/Middle 
Panels:  400x  magnification)  (Bottom  Panel:  200x  magnification).  (C)  Western  Blot  analysis  of  E-cadherin, 
Vimentin  and  Actin  (loading  control)  expression  in  IBC-lOa  cells  treated  with  E  +  T  at  day  0  through  9,  and 
4  days  post  treatment,  where  cells  were  cultured  in  cKm.  (D)  Induction  of  EMT  in  prostate  organ  cultures. 
Phase  Contrast  and  immunofluorescent  imaging  show  prostate  epithelial  cells  derived  from  GS6  prostate 
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cancer  tissue,  emigrating  out  of  the  tissue  and  strongly  expressing  vimentin  (red)  in  response  to 
concomitant  E  +  T  treatment,  but  not  TGF-beta  alone,  Nuclei  labeled  with  DAPI  (200x  magnification). 

175x235mm  (300  x  300  DPI) 
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Vimentin  MT-MMP-1 


|  3Kffl  sEGF  «TQF  ■EOF»TGF  ] 


(A)  Expression  of  Vimentin,  Slug,  Twist2,  MT-MMP-1,  MMP-2  and  MMP-9  genes  in  IBC-lOa  (left),  PCa-20a 
(middle)  and  PC3-ML  cells  (right).  Effects  of  EGF  (10  ng/ml)  (light  gray),  TGF-beta  (10  ng/ml)(dark  gray), 
and  EGF  +  TGF-beta  (10  ng/ml  each)  (E  +  T)  (black)  treatments  on  gene  expression  was  determined  by 
qRT-PCR.  Values  were  normalized  to  cyclophilin-A  and  represent  the  fold  increase  in  expression  relative  to 
cells  treated  with  Km  (white).  Data  represent  the  mean  +/-  S.D.  from  three  independent  experiments. 
Statistical  significance  comparing  TGF-beta  treatment  alone  to  E  +  T  was  determined  using  Welch's  unpaired 
t-test,  where  *  =  p-value  <0.05,  **  =  p-value  <  0.01;  ***  =  p-value  <  0.001;  #  =  no  significant  difference 
(p-value  >  0.1).  (B)  Western  Blot  analysis  of  Slug  and  Twist2  in  IBC-lOa  cells  treated  9  days  with  Km,  EGF, 
TGF-beta  or  E  +  T.  Tubulin  served  as  the  loading  control.  (C)  Representative  gelatin  zymographs  of 
conditioned  media  from  IBC-lOa,  PCa-20a  and  PC3-ML  cells  treated  with  EGF,  TGF-beta  or  E  +  T.  Equal 
amounts  of  protein  from  conditioned  medium  from  each  treatment  was  resolved  by  10%  PAGE  containing 
gelatin-A  (2mg/ml).  Coomassie  Blue  staining  reveals  relative  levels  of  enzyamtically  active  MMP-9 
homodimer  (210  kDa),  MMP-9  (92kDa)  and  MMP-2  (72kDa)  in  media.  (D)  Modified  Boyden  Chamber 
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Invasion  assays  showing  cell  migration  following  treatment  with  Km,  EGF,  TGF-beta  or  E  +  T  for  48  hr. 
Representative  image  of  cells  on  bottom  of  chamber  stained  with  brilliant  blue  dye.  (E)  Prostasphere  culture 
showing  three-dimensional  acinar  structures  formed  by  IBC-lOa  cells  grown  as  single  cell  suspensions  in 
Matrigel  for  12  days  in  the  presence  of  different  growth  factors.  (Top  Panel)  Phase  contrast  images  shows 
cells  grew  as  rounded  spheres  in  the  presence  of  Km,  EGF  and  TGF-beta.  In  contrast,  cells  grown  in  the 
presence  of  E  +  T  were  irregularly  shaped  and  cells  invaded  the  surrounding  Matrigel  (see  red 
arrows).  (Lower  Panel)  Immunofluorescent  labeling  of  Prostaspheres  with  Vimentin  antibodies 
(green).  Nuclei  labeled  with  propidium  iodide  (200x  magnification). 
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(A)  Western  Blot  analysis  for  E-cadherin,  Vimentin  and  Tubulin  (loading  control)  expression  in  IBC-lOa  (left) 
and  PCa-20a  (right)  cells  stably  transfected  with  pBABE:RasV12,  and  treated  with  minimal  media  (Km),  EGF 
(10  ng/ml),  TGF-(3  (10  ng/ml  ),  or  EGF  +  TGF-beta  in  combination  (E  +  T).  (B)  Western  Blot  analysis  for  E- 
cadherin,  Vimentin  and  Tubulin  (loading  control)  expression  in  IBC-lOa  and  PCa-20a  cells  stably  transfected 
with  pBABE:RasV12-C40,  pBABE:RasV12-G37,  and  pBABE:RasV12-S35  vectors.  Cells  were  treated  with  Km, 
EGF,  TGF-(3,  or  E  +  T.  (C)  Western  Blot  analyses  of  FSP-1  and  Tubulin  (loading  control)  expression  in  IBC- 
lOa  cells  stably  transfected  with  Empty  vector  (Empty),  pBABE:RasV12-C40,  pBABE:RasV12-G37,  or 
pBABE:RasV12-S35  and  treated  with  TGF-beta.  (D)  Quantification  of  Modified  Boyden  Chamber  invasion 
assays  showing  the  invasive  activity  of  IBC-lOa  cells  stably  transfected  with  Empty  vector  (Empty), 
pBABE:RasV12-C40,  pBABE:RasV12-G37,  and  pBABE:RasV12-S35  variants  and  treated  with  TGF- 
beta.  Values  are  representative  of  three  independent  replicates.  Mean  +/-  SD,  where  **  =  p-value  <  0.01, 
compared  to  Empty  vector  control.  (E)  Gelatin  zymographs  of  conditioned  media  24  hours  after  last 
treatment  from  pBABE:RasV12-C40,  pBABE:RasV12-G37,  and  pBABE:RasV12-S35  and  pBABE:Empty 
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variants  of  IBC-lOa  cells  treated  with  TGF-beta.  (F)  Relative  expression  of  Slug,  Twist-2,  MMP-2  and  MMP-9 
mRNA  in  IBC-lOa  cells  transfected  with  pBABE:RasV12-C40  (light  gray  bars);  pBABE:RasV12-G37  (dark 
gray  bars);  pBABE:RasV12-S35  (black  bars);  and  pBABE. Empty  (white  bars)  variants  treated  with  TGF-p  by 
qRT-PCR.  Values  normalized  against  cyclophilin-A  and  represent  the  fold  increase  in  expression  compared  to 
pBABE:Empty  cells.  Mean  +/-  1  S.D.  from  3  independent  experiments.  Statistical  significance  was  derived 
using  Welsh's  unpaired  t-test,  where  *  =  p-value  <0.05,  **  =  p-value  <  0.01;  ***  =  p-value  <  0.001  when 
comparing  RasV12  and  RasV12-S35  cells  to  pBABE:Empty  cells. 
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(A)  Western  Blot  analysis  of  phosphorylated-Erk  1/2,  Vimentin,  FSP-1  and  Tubulin  (loading  control) 
expression  in  IBC-lOa  cells  cultured  in  either  Km  with  0.5%  DMSO  (Km  +  DMSO),  Km  with  10  ng/ml  of  EGF 
+  TGF-beta  with  0.5%  DMSO  (E  +  T  +  DMSO),  or  Km  with  10  ng/ml  of  EGF  +  TGF-beta  with  increasing 
concentrations  of  the  MEK1/2  inhibitor  PD09859  (+PD098).  (B)  Western  Blot  analysis  of  E-cadherin, 
Vimentin  and  Tubulin  (loading  control)  expression  in  IBC-lOa  cells  stably  transfected  with  constitutively 
active  MEK1  (pBABE:MEKl-DD),  MEK2  (pBABE:MEK2-DD),  and  Empty  vector  (pBABE:Empty)  and  treated 
with  TGF-beta  (10  ng/ml).  (C)  IBC-lOa  cells  from  (B)  were  cultured  in  minimal  media  the  expression  of 
phosphorylated-Erkl/2,  total-Erk  1/2  and  Tubulin  (loading  control)  examined  by  Western  Blot.  (D)  Western 
Blot  analysis  of  phosphorylated-Erkl/2,  total-Erkl/2,  Ras  and  Tubulin  (loading  control)  expression  in  IBC- 
lOa,  PCa-20a,  PCa-30a  and  PC3-ML  cells  following  treatment  with  to  TGF-beta.  (E)  Western  Blot  analysis  of 
phosphorylated-Erkl/2,  total-Erkl/2  and  Tubulin  (loading  control)  expression  in  IBC-lOa  cells  treated  with 
minimal  media  (Km),  EGF  (10  ng/ml),  TGF-beta  (10  ng/ml),  or  EGF  +  TGF-beta  (10  ng/ml)  (E  +  T).  (F) 
Western  Blot  analysis  of  E-cadherin,  Vimentin,  FSP-1,  total  Erkl/2  and  Tubulin  (loading  control)  expression 
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in  PCa-20a  and  PCa-30a  cells  stably  transfected  with  a  scrambled  shRNA  construct  or  a  shRNA  construct 
targeting  Erk2  after  treatment  with  TGF-beta,  EGF,  or  E  +  T. 
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(A)  Immunofluorescent  imaging  of  Erk2  localization  (red)  in  IBC-lOa  cells  transfected  with  pBABE: Empty, 
pBABE:MEKl-DD,  or  pBABE:MEK2-DD.  Cells  were  grown  in  minimal  media  and  probed  for  Erk2  localization 
(400x  magnification).  (B)  Immunofluorescent  images  of  PCa-20a  and  PCa-30a  cells  treated  with  TGF-beta 
(10  ng/ml)  (TGF)  or  EGF  +  TGF-beta  (10  ng/ml  each)  (E  +  T)  (400x  magnification).  (C)  Western  Blot 
analysis  of  E-cadherin,  Vimentin,  serine  62  phosphorylated  c-myc  (c-myc  pS62),  FSP-1,  and  Tubulin 
(loading  control)  expression  in  PCa-20a  cells  stably  transfected  with  Erk2  WT  construct  (pl_NCX:HA-Erk2),  a 
phosphatase  resistant  mutant  Erk2  (pLNCX:HA-Erk2  D319N)  or  empty  vector  (pBABE: Empty)  as  control  and 
treated  with  TGF-beta.  (D)  Western  Blot  analysis  of  E-cadherin,  Vimentin,  c-myc,  FSP-1  and  Tubulin  (loading 
control)  expression  in  IBC-lOa  cells  stably  transfected  with  an  empty  vector,  c-myc  overexpression, 
scrambled  shRNA  or  a  shRNA  targeting  c-myc  construct.  Cells  were  treated  with  TGF-beta  alone  or 
concomitant  EGF  +  TGF-beta  (E  +  T).  (E)  Western  Blot  analysis  of  Vimentin,  c-myc,  total-Erk  1/2,  FSP-1 
and  Tubulin  (loading  control)  expression  in  PC3-ML  cells  stably  transfected  with  a  scrambled  shRNA,  a 
shRNA  targeting  Erk2  or  a  shRNA  targeting  c-myc  construct.  (E)  Phase  contrast  imaging  of  three- 
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dimensional  acinar  structures  formed  by  PC3-ML  cells  stably  transfected  with  a  scrambled  shRNA,  a  shRNA 
targeting  Erk2  or  a  shRNA  targeting  c-myc  construct  and  grown  as  a  single  cell  suspensions  in  Matrigel  for 

12  days. 
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Immunofluorescent  images  of  PCa-20a  and  PCa-30a  cells  grown  in  minimal  media  (Km),  EGF  (10  ng/ml), 
TGF-pi  (10  ng/ml)  (TGF)  or  EGF  +  TGF-pi  (10  ng/ml  each)  (E  +  T).  Similarly,  PC3-ML  cells  were  grown  in 
DMEM  supplemented  with  EGF,  TGF-p  or  E  +  T.  Cells  were  labeled  with  antibodies  for  p-catenin  (top  row; 
green,  400x  magnification)  and  Vimentin  (bottom  row;  green,  200x  magnification).  Cell  nuclei  (red)  were 

labeled  with  propidium  iodide. 
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Gene  Expression  in  Minimal  Media 


(A)  qRT-PCR  measurements  of  gene  expression  in  IBC-lOa  (left),  PCa-20a  (middle)  and  PC3-ML  cells 
(right).  Cells  were  treated  with  in  Km  (white),  10  ng/ml  of  EGF  (light  gray),  10  ng/ml  TGF-pi  (dark  gray)  or 
10  ng/ml  EGF  +  TGF-pi  (black).  Primers  were  specific  for  Snail,  Twistl,  Zebl  and  Zeb2.  Values  normalized 
for  cyclophilin-A  and  represented  as  the  fold  expressed  relative  to  cells  treated  with  Km  (set  at  1).  Values 
represent  the  mean  +/-  1  S.D.  from  3  experiments.  (B)  qRT-PCR  analysis  of  gene  expression  in  IBC-lOa 
(white),  PCa-20a  (gray)  and  PC3-ML  cells  (black)  cells  grown  in  Km  for  10  days.  Shows  basal  levels  of 
Snail,  Slug,  Twistl, Twist2,  Zebl,  Zeb2  and  Vimentin  mRNA  normalized  for  cyclophilin-A  mRNA  and 
represented  as  fold  expressed  relative  to  IBC-lOa  cells. 
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(A-C)  Western  Blots  of  crude  cell  extracts  from  IBC-lOa  cells  stably  transfected  with  Empty  vector 
(pBABE:Empty),  pBABE:RasV12  or  Ras  effector  mutants  (pBABE:RasV12-C40;  pBABE:RasV12-G37;  and 
pBABE:RasV12-S35).  Variants  were  grown  in  minimal  media  (Km).  Blotted  with  antibodies  specific  for  E- 
cadherin,  Vimentin,  Ras,  pAKT,  total  AKT,  pErkl/2,  total  Erk  1/2  and  Tubulin  (loading  control).  (D)  qRT-PCR 
analysis  of  Vimentin  mRNA  in  IBC-lOa  (left)  and  PCa-20a  (right)  cells  stably  transfected  with  a  constitutively 
active  Ras  construct  (pBABE:RasV12)  or  Ras  effector  mutants  (pBABE:RasV12-C40;  pBABE:RasV12-G37; 

pBABE: RasV12-S35)  and  Empty  vector  (pBABE:Empty)  and  treated  with  TGF-p  (10  ng/ml).  Values 
normalized  for  cyclophilin-A  and  represented  as  fold  expressed  relative  to  empty  vector.  Values  represent 
the  mean  +/-  1  S.D.  from  3  experiments.  (E)  Immunofluorescent  images  of  IBC-lOa  and  PCa-20a  cells 
stably  transfected  with  pBABE-S35  and  grown  in  minimal  media  (Km),  or  Km  plus  10  ng/ml  EGF  (EGF),  TGF- 
pi  (TGF)  or  EGF  +  TGF-pi  (E  +  T).  Cells  labeled  with  Vimentin  (green,  200x  magnification).  Cell  nuclei 
(blue)  labeled  with  DAPI.  (F)  qRT-PCR  analysis  of  Slug,  Twist-2,  MMP-2  and  MMP-9  mRNA  levels  in  IBC-20a 
cells  stably  transfected  with  pBABE: RasV12-C40  (light  gray);  pBABE:RasV12-G37  (dark  gray); 
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pBABE:RasV12-S35  (black);  and  pBABE:Empty  (white)  and  treated  with  TGF-p.  Values  normalized  for 
cyclophilin-A  and  represented  as  fold  expressed  relative  to  empty  vector  cells.  Values  represent  the  mean 

+/-  1  S.D.  from  3  experiments. 

175x235mm  (300  x  300  DPI) 


Page  41  of  37 


Carcinogenesis 


1 

2 

3 

4 

5 

6 


12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 


7 

A 

IBC-lOa  Cells 

IBC-lOa  Cells 

8 

p£MAD3 

pAKT 

—  —  — - - 

9 

Vlmantin 

-  ■  ■ 

Vimentin 

— - - 

10 

Tubulin 

* - _ 

Tubulin 

— - —  - 

E  Sfi 

a  a 

i  i 


IBC-lQa  TGF-R  Treated 


3  3  3  3 

e  i  a  s 


IBC-IDa  Celts 


MEK1 

— 

ME  K2 

Tubulin 

—  — 

MEK  1  150 

MEK2.0D 

J  S  i 

5  p  p 

c-myc  pS82 


IBC-lOa  Cells 

F 

c-myc  pS62 

total  c-myc 

- 

Tubulin 

H  2  2 

3  ft-  m 

€  X  X 

“  ^ 

I  1 


(A)  Western  Blots  of  crude  cell  extracts  from  IBC-lOa  cells  grown  in  either  Km  with  0.5%  DMSO  (Km  + 
DMSO),  or  Km  supplemented  with  10  ng/ml  of  EGF  +  TGF-betal  with  0.5%  DMSO  (E  +  T  +  DMSO);  or  Km 
supplemented  with  10  ng/ml  of  EGF  +  TGF-betal  with  increasing  concentrations  of  either  SIS3  (left)(a 
SMAD3  inhibitor)  or  LY290042  (right)  (a  PI3-kinase  inhibitor).  Blotted  with  antibodies  specific  for 
phosphorylated  SMAD  3  (pSMAD3)  (left)  or  phosphorylated  AKT  (pAKT)  (right),  or  with  Vimentin,  Fibroblast 
Specific  Protein-1  (FSP-1)  and  Tubulin  (loading  control)  antibodies.  (B)  Western  Blots  of  crude  cell  extracts 
from  IBC-lOa  cells  stably  transfected  with  constitutively  active  MEK1  (pBABE:MEKl-DD)  constitutively  active 
MEK2  (pBABE:MEK2-DD)  and  Empty  vector  (pBABE:Empty)  and  blotted  with  antibodies  for  MEK1,  MEK2  and 
Tubulin  (loading  control).  (C)  Immunofluorescent  images  of  IBC-lOa  cells  transfected  with  activated  MEK 
constructs  (pBABE:MEKl-DD  and  pBABE:MEK2-DD),  treated  with  TGF-beta  and  labeled  for  Vimentin  (green; 
400x  magnification).  Nuclei  (blue)  stained  with  DAPI.  (D)  Immunofluorescent  images  of  PCa-20a  cells 
transfected  with  empty  vector  (pBABE: Empty),  a  WT  Erk2  construct  (pLNCX:HA-Erk2)  or  a  phosphatase 
resistant  Erk2  construct  (pLNCX:HA-Erk2  D319N).  Cells  were  plated  in  growth  media  and  grown  in  minimal 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 


Carcinogenesis 


Page  42  of  37 


media  for  24  hrs  and  probed  for  Erk2  localization  (red,  400x  magnification.)-  (E)  Western  Blot  analysis  of 
crude  cell  extracts  from  IBC-lOa  cells  stably  transfected  with  constitutively  active  MEK1  (pBABE:MEKl-DD), 
MEK2  (pBABE:MEK2-DD),  and  Empty  vector  (pBABE:Empty)  grown  in  minimal  media  and  blotted  for  serine 
62  phosphorylated  c-myc  (c-myc  pS62)  and  Tubulin  (loading  control).  (F)  Western  Blot  analysis  of  crude  cell 
extracts  from  PCa-20a  and  PCa-30a  cells  stably  transfected  with  a  scrambled  shRNA  construct  or  an  shRNA 
construct  targeting  Erk2  after  treatment  with  10  ng/ml  EGF  and  TGF-beta  in  combination  (E  +  T)  or  TGF- 
beta  alone  (TGF),  respectively.  Blotted  with  antibodies  to  serine  62  phosphorylated  c-myc  (c-myc  pS62), 

total  c-myc  and  Tubulin  (loading  control). 
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Representative  light  and  green  fluorescent  images  of  tumors  within  the  thoracic  cavity  of  mice  injected 
intercardiacally  with  PC3-ML  cells  stably  transfected  with  a  scrambled  shRNA  construct,  a  shRNA  targeting 
Erk2  construct  or  a  shRNA  targeting  c-myc  construct  5  weeks  post  injection.  (B)  Representative  light  and 
green  flourscent  images  of  tumors  found  within  the  abdominal  cavity,  adrenal  gland,  liver  and  brain  of  mice 
injected  intercardiacally  with  PC3-ML  cells  stably  transfected  with  a  scrambled  shRNA  construct  5  weeks  post 
injection.  (C)  Phase  contrast  imaging  of  three-dimensional  acinar  structures  formed  by  PC3-ML  cells  stably 
transfected  with  a  scrambled  shRNA,  a  shRNA  targeting  Erk2  or  a  shRNA  targeting  c-myc  construct  and 
grown  as  a  single  cell  suspensions  in  Matrigel  for  12  days. 
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Table  1.  Summary  of  PC3-ML  tumor  development  in  NOD-SCID. 


Cell  Line 

Thoracic 

Cavity 

Tumor  mass 
(mg) 

Abdominal 
Cavity  Met 

Adrenal 

Metastasis 

Liver 

Metastasis 

Brain 

Metastasis 

PC3-ML 
sh  Scram 

3/3 

16.5  ±  11 

2/3 

2/3 

2/3 

1/3 

PC3-ML 
sh  Erk2 

6/6 

7.2  ±3.0 

1/6 

1/6 

1/6 

0/6 

PC3-ML 
sh  c-myc 

5/6 

6.3  ±3.1 

0/6 

0/6 

0/6 

0/6 
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Abstract: 

Background 

Identifying  mechanisms  by  which  prostate  epithelial  cells  transform  to  an  invasive  phenotype  is  critical  to  the 
development  of  diagnostics  and  therapeutics  which  can  identify  the  metastatic  potential  of  cancers  and  possibly 
prevent  their  metastases.  We  have  previously  observed  that  EGF  regulates  TGF-beta  induced  invasion  and 
epithelial  to  mesenchymal  transition  (EMT)  in  prostate  epithelial  cells. 

Methods 

We  isolated  primary  prostate  epithelial  cell  lines  from  lower  Gleason  Score  human  prostate  cancers  and  utilized 
a  variety  of  molecular  biology  techniques  to  examine  how  EGF  regulates  TGF-beta  induced  invasion  and  EMT 
in  these  cells. 

Results 

We  identify  that  EGF  contributes  to  EMT  by  down  regulation  of  the  tumor  suppressor  microRNA  let-7a  which 
targets  Ras  and  c-myc,  both  important  promoters  of  the  EMT  program.  We  show  that  let-7a  down-regulation  is 
critical  for  TGF-beta’ s  tumor  promoting  activities  as  over-expression  of  let-7a,  inhibits  the  ability  of  these  cells 
to  undergo  EMT  and  inhibits  cellular  invasion  in  metastatic  cells.  Furthermore,  we  observe  decreases  in  let-7a 
expression  in  human  prostate  cancer  samples  when  compared  to  normal  tissues  and  increases  in  expression  of 
HMGA2,  a  let-7a  target  that  is  associated  with  invasive  and  metastatic  disease. 

Conclusions 

We  conclude  that  early  stage  prostate  cancer  cells  require  let-7a  down-regulation  to  undergo  TGF-beta  induced 
EMT  and  transformation  to  an  invasive  phenotype,  and  that  HMGA2  might  serve  as  a  diagnostic  marker  for  the 
invasive  and  metastatic  potential  of  prostate  cancer. 
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Introduction 

During  development  cells  of  epithelial  and  mesenchymal  origin  convert  between  the  two  phenotypes  in 
what  has  been  described  as  Epithelial-Mesenchymal  Transition  (EMT)  and  Mesenchymal-Epithelial  Transition 
(MET).  Studies  in  cancer  models  have  identified  an  analogous  plasticity  of  some  epithelial  cancer  cells  which 
acquire  mesenchymal  features  as  a  means  to  escape  the  primary  tumor  mass  and  prime  themselves  for 
metastasis  [1].  EMT  can  be  phenotypically  characterized  as  a  loss  of  cell-cell  contacts  along  with  the 
cobblestone  network  characteristic  of  epithelial  tissues,  and  adoption  of  a  spindle-shaped  morphology  and 
migratory  phenotype.  This  process  is  associated  with  changes  in  gene  expression  that  include  the  down- 
regulation  of  E-cadherin  and  up-regualtion  of  vimentin  [1,2].  Importantly,  these  changes  correlate  with 
increasingly  invasive  and  aggressive  tumors  associated  with  poorer  patient  prognosis  [3-5],  Silencing  of 
vimentin  or  re-expression  of  E-cadherin  in  invasive  cells  decreases  their  invasive  phenotype;  emphasizing  that 
EMT  associated  changes  in  gene  expression  play  a  major  role  in  controlling  the  invasive  behavior  of  tumor  cells 
[6-8],  Therefore,  understanding  the  molecular  mechanisms  regulating  EMT  in  prostate  cancer  will  aid  in 
identification  of  new  tumor  biomarkers  or  therapeutics  to  target  cells  with  a  higher  metastatic  potential. 

EMT  is  induced  by  various  growth  factors,  with  transforming  growth  factor-beta  (TGF-P)  appearing  to 
be  the  most  ubiquitous  instigator  of  EMT  during  development  and  cancer  [1,9,  10];  however,  many  cancer  cell 
lines  exhibiting  proficient  TGF-P  signal  transduction,  do  not  undergo  TGF-P  mediated  EMT.  Rather,  EMT  is 
dependent  on  additional  factors  including  sustained  elevated  levels  of  active  Ras-MAPK  signaling,  which  may 
result  from  Ras  over-expression  or  hyperactivity  [1  l-17].We  have  recently  found  that  in  conjunction  with  TGF- 
P  signaling,  oncogenic  pathways  activated  by  EGF,  such  as  MEK1  activation  of  Erk2  and  c-myc  expression,  are 
also  required  for  efficient  EMT  in  prostate  epithelial  cells[18].  Interestingly,  in  normal  adult  epithelial  cells 
TGF-p  functions  as  a  tumor  suppressor  inducing  G1  growth  arrest,  however  as  malignancies  progress  TGF-p 
signaling  promotes  tumor  invasion  and  metastasis  in  part  through  EMT  [19].  Therefore,  we  hypothesize  that 
tumor  suppressive  pathways  exist  that  prevent  TGF-p  induced  EMT  in  normal  and  early  stage  cancer  cells 

which  EGF  signaling  can  inhibit. 
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MicroRNAs  (miRNAs)  have  been  shown  to  be  key  players  in  a  broad  range  of  developmental  and 
physiological  processes  and  their  deregulation  has  been  closely  linked  to  human  diseases  including  cancer. 
miRNAs  are  a  diverse  family  of  18-24  nucleotide  non-coding  RNAs  that  post-transcriptionally  regulate  the 
stability  and  translational  efficiency  of  target  mRNAs  through  imperfect  complimentary  base  pairing  with 
specific  sequences  in  their  3'  untranslated  regions  (UTRs).  One  of  the  more  intriguing  miRNAs  that  might  serve 
as  a  master  regulator  of  EMT  and  whose  role  in  EMT  has  not  been  adequately  addressed  is  the  let-7  family  of 
miRNAs.  Let-7  was  one  of  the  first  mammalian  miRNAs  to  be  identified  and  is  ubiquitously  expressed  in 
normal  adult  tissues  [20,  21].  However,  in  a  plethora  of  human  malignancies,  including  lung,  ovarian,  gastric, 
prostate  cancer  and  melanoma,  down-regulation  of  let-7  family  members  occurs  during  tumor  development  [22- 
26],  The  human  let-7  family  of  miRNAs  possesses  potent  tumor  suppressor  activity  by  targeting  multiple 
oncogenes,  including  those  involved  in  EMT.  Specifically,  let-7  has  been  shown  to  directly  target  Ras, 
negatively  correlate  with  Ras  expression,  target  the  proliferative  transcription  factor  c-myc  and  inhibit  the 
growth  of  human  cancer  cells  [27-29].  In  addition,  the  let-7  family  of  miRNAs  are  also  strong  negative 
regulators  of  high  mobility  group  A2  protein  (HMGA2,  also  known  as  HMGI-C),  binding  to  multiple  target 
sites  in  its  3'  UTR  [30],  HMGA2  is  a  chromatin  associated  protein  that  is  widely  expressed  during  early 
embryogenesis  and  cancer,  however,  it  is  almost  completely  absent  in  differentiated  cells  and  normal  adult 
tissues  [31].  Interestingly,  HMGA2  expression  has  been  described  as  a  critical  factor  necessary  for  TGF-p 
induced  EMT  in  mouse  primary  mammary  epithelial  and  human  pancreatic  cancer  cells  [32,  33].  Recently  it  has 
also  been  shown  that  over-expression  of  Lin-28B,  which  negatively  regulates  let-7  and  targets  it  for 
degradation,  is  sufficient  to  induce  EMT  and  invasion  in  hepatocellular  carcinoma  cell  lines  [34,  35]. 

Moreover,  miRNA  expression  analysis  of  cancer  cell  lines  suggests  that  let-7  is  a  marker  for  less  advanced 
cancers  and  negatively  correlates  with  reactivation  of  embryonic  mesenchymal  genes  [36].  However,  the 
significance  of  Lin-28  effects  on  let-7a  expression  in  promoting  EMT  and  tumor  progression  remain  unclear 

We  have  found  that  the  addition  of  EGF  or  transfection  with  Ras  mutants  that  specifically  activate  Raf 
to  TGF-p  treatment  induces  EMT  in  primary  prostate  epithelial  cell  lines  isolated  from  early  stage  human 

prostate  cancers.  In  this  report  our  data  shows  that  EGF  induces  down-regulation  of  let-7a  through  a  Ras-Raf 
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signaling  cascade  which  correlates  with  EMT.  Mechanistic  studies  revealed  that  let-7a  expression  controls 
cellular  response  to  TGF-beta  by  inhibiting  their  ability  to  undergo  EMT  and  become  invasive.  Finally  we 
show  that  expression  of  let-7a  is  lost  in  advanced  and  invasive  human  prostate  cancer  and  that  HMGA2,  a  target 
of  let-7a,  is  induced  in  invasive  and  metastatic  cancer.  Taken  together,  these  results  suggest  that  decreases  in 
let-7a  expression  are  required  for  TGF-p  induced  EMT  and  invasive  phenotypes  and  that  HMGA2  might  be  a 
marker  for  the  invasive  and  metastatic  potential  of  prostate  cancer. 

Materials  and  Methods 

Cells 

IBC-lOa  and  PCa-20a  cells  were  isolated  from  the  right  peripheral  zone  of  a  Gleason  score  6  and  7 
prostate  tumors  respectively,  as  previously  described[37].  IBC-lOa  cells  were  immortalized  by  stable 
transfection  with  the  pLXSN-hTERT  retroviral  plasmid  (courtesy  of  John  Rhim,  USUHS,  Bethesda,  MD)  and 
identified  as  intermediate  basal  cells.  They  possess  minimal  gross  chromosomal  abnormalities  and  express 
CK5,  CK18,  p63,  PSA  and  PTEN[37],  PCa-20a  cells  expressed  CK18,  PTEN  and  PSA  but  not  CK7  or  p63. 
Cells  were  maintained  in  serum  free  complete  keratinocyte  media  (cKm)  containing  EGF,  bovine  pituitary 
extract  (Invitrogen  Inc.,  Carlsbad,  CA)  and  50ug/ml  penicillin/streptomycin  (Mediatech,  Manassas,  VA).  PC3- 
ML  cells  were  isolated  from  PC3  prostate  cancer  cells  (ATCC,  Bethesda,  MD)  based  on  their  ability  to 
metastasize  to  the  lumbar  vertebrae[38].  PC3-ML  cells  were  maintained  in  DMEM  with  10%  fetal  bovine 
serum  (FBS)  (Atlanta  Biologicals,  Lawrenceville,  GA)  and  50  ug/ml  penicillin/streptomycin  (Mediatech, 
Manassas,  VA). 

Ras  V12S35,  RasV12C40  and  RasV12G37  were  stably  over-expressed  in  both  IBC-lOa  and  PCa-20a 
cells  using  the  pBABE-puro  retroviral  vector  (a  kind  gift  from  Dr.  Christian  Sell,  Drexel  University  College  of 
Medicine).  MEK1-DD  and  MEK2-DD  were  also  over-expressed  in  cells  using  the  pBABE-puro  retroviral 
vector  (a  kind  gift  of  Dr.  Mauricio  Reginato,  Drexel  University  College  of  Medicine).  Scrambled  shRNA 
constructs  and  shRNA  constructs  targeting  Lin-28B  (TRCN0000140870)  were  purchased  from  Sigma  (St. 

Louis,  MO).  The  Pre-let-7a-l  oligonucleotide  was  obtained  from  Promega  and  Agel/EcoRl  sites  were  inserted 
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by  PCR.  Pre-let-7a-l  oligonucleotide  was  then  cloned  in  the  pBABE  vector  according  to  Sambrook  et  al.  [39]. 
Retroviral  and  lentiviral  production  and  maintenance  of  transfected  cells  was  carried  out  according  to  methods 
previously  described[40]. 

Reagents  and  Antibodies 

All  reagents  were  purchased  from  Sigma- Aldrich  (St.  Louis,  MO)  unless  otherwise  stated.  Primary 
antibodies  targeting  Vimentin  were  purchased  from  Sigma-Aldrich,  St.  Louis,  MO  (V6389);  E-  cadherin, 
Tubulin,  Slug,  Lin28A  and  Lin-28B  were  purchased  from  Cell  Signaling  Technology,  Beverly,  MA  (2148, 

4065,  9585,  3978  and  4196  respectively);  Twist2  was  purchased  from  Abeam,  Cambridge,  MA  (ab57997)  and 
HMGA2  was  purchased  from  BioCheck,  Foster  City,  CA  (59170AP). 

Epithelial-Mesenchymal  Transition  (EMT)  Induction 

Unless  otherwise  stated,  for  in  vitro  induction  of  EMT,  cells  were  trypsinized  and  plated  in  cKm  at  a  low 
density  (2  x  104  cells/ml).  The  next  day  (day  0)  cells  were  washed  once  in  Km  without  supplements  (i.e. 
pituitary  extract  and  EGF)  and  media  was  replaced  with  Km  supplemented  with  TGF-pi  (10  ng/ml ;  Peprotech, 
Rocky  Hill,  NJ)  and/or  EGF  (10  ng/ml\  Invitrogen,  Carlsbad,  CA).  Media  in  all  experiments  was  changed  on 
days  3,  6  and  9,  and  cells  were  analyzed  on  day  10. 

Western  Blotting 

Western  blots  were  performed  according  to  standard  procedures  previously  described[41].  Briefly, 
denatured  protein  lysates  in  Laemmli  buffer  were  resolved  on  an  SDS-PAGE  gel  and  transferred  to  a  PVDF 
membrane  (Millipore,  Bellerica,  MA)  using  a  semi-dry  transfer  cell  (Bio-Rad  Laboratories,  Inc,  Hercules,  CA). 
Membranes  were  blocked  in  5%  non-fat  dry  milk  and  incubated  overnight  at  4°C  with  primary  antibodies  in  3% 
BSA..  Secondary  antibody  HRP  reactions  were  visualized  and  documented  using  Super  Signal  West  Pico 
chemiluminescent  substrate  (Pierce  Biotechnology,  Inc.,  Rockford,  IL)  and  the  ChemiDocTM  XRS  Gel 

Documentation  system  (Bio-Rad  Laboratories,  Inc.,  Hercules,  CA). 
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Northern  blotting 

Total  RNA  from  samples  was  isolated  using  the  SV  Total  RNA  Isolation  Kit  (Promega,  Madison,  WI). 
Approximately  20  pg  per  lane  was  used  for  Northern  blotting  as  described  previously  [42],  Antisense,  32P-ATP 
end-labeled  DNA  oligonucleotides  [20  nucleotides  (nt);  Dupont  Nucleotides,  Inc.],  which  recognize  let-7 
mature  miRNA,  and  5S  RNA,  were  used  for  Northern  blots.  Blots  were  visualized  using  HyBlot  CL 
autoradiography  film  (Denville  Scientific,  Inc,  Metuchen,  NJ)  and  developed  on  a  Kodak  X-OMAT  1000A 
Processor  (Kodak,  Rochester,  NY). 

Quantitative  Real-Time  PCR 

Total  small  RNA  was  isolated  using  the  Absolutely  RNA  miRNA  isolation  kit  (Agilent,  La  Jolla,  CA) 
per  manufacturer  instructions.  miRNA’ s  were  polyadenylated  and  cDNA  was  synthesized  using  the  miRNA  1st 
strand  cDNA  synthesis  kit  (Agilent,  La  Jolla,  CA)  per  manufacturer  instructions.  cDNA  corresponding  to  target 
RNAs  were  amplified  using  the  Brilliant  SYBR  Green  qPCR  kit  (Aligent,  La  Jolla,  CA)  and  the  MX3000P 
thermocycler  (Agilent,  La  Jolla,  CA)  per  manufacturer  instructions.  A  universal  reverse  primer  and  forward 
primer  specific  for  let-7a  (GAGGTAGTAGGTTGTATA)  and  U6  (Purchased  from  Aligent,  La  Jolla,  CA)  were 
used.  Quantification  was  performed  utilizing  the  2~ddCt  method,  where  empty- vector  or  parent  cells  were  used  to 
normalize  gene  expression.  Relative  internal  miRNA  expression  of  target  genes  was  normalized  to  U6  RNA 
expression  in  each  sample.  Each  sample  for  each  experiment  was  run  in  duplicate  and  averages  are 
representative  of  three  independent  experiments.  Statistical  significance  was  determined  using  Welch's 
unpaired  t-test. 

Invasion  Assays 

Following  experimental  treatments  cells  were  trypsinized  and  seeded  onto  Matrigel  coated  invasion 
inserts  with  0.8  um  porous  membranes  (BD  Biosciences,  Bedford,  MA)  at  a  density  of  6xl04  cells  per  well  in 

cKm  (for  IBC-lOa  cell  variants)  or  at  a  density  of  3  xlO4  cells  per  well  in  DMEM  (for  PC3-ML  cell  variants) 
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and  allowed  to  attach  for  2  hrs.  Media  on  the  top  chamber  was  then  changed  to  experimental  condition  and 
bottom  chamber  was  filled  with  media  containing  5%  FBS  (Atlanta  Biologicals,  Lawrenceville,  GA). 
Transwells  were  placed  at  37°C  for  48  hrs.  Cells  in  top  compartment  were  scraped  off  and  cells  which  migrated 
to  bottom  were  fixed  with  4%  paraformaldehyde,  stained  with  propidium  iodide  and  counted.  Data  were 
averaged  from  three  independent  experiments.  Statistical  significance  was  determined  using  Welch's  unpaired 
t-test. 

Prostasphere  Assay 

Cells  were  Typsinized  and  plated  at  a  density  of  1  x  103  cells  per  well  on  a  growth  factor  reduced 
Matrigel  (BD  Biosciences,  Bedford,  MA)  coated  8  well  chamber  slides  (BD  Biosciences,  Bedford,  MA)  and 
topped  with  DMEM  containing  0.2%  FBS  (Atlanta  Biologicals,  Lawrenceville,  GA)  and  5%  Matrigel.  Media 
was  changed  every  3  days  with  experimental  condition  and  5%  Matrigel.  Prostasphere  acini  were  analyzed  after 
12  days  of  culture. 

In  situ  hybridization 

Tissue  sections  for  in  situ  hybridization  were  purchased  from  Usbiomax  (Cat#  T191,  Rockville,  MD). 
Biotin  labeled  let-7a  LNA  probes  were  purchased  from  Exiqon  (Moburn,  MA)  and  hybridization  was  done 
modified  from  manufacturer  instructions.  Briefly,  tissue  samples  were  rehydrated  in  sequential  washes  with 
xylene  followed  by  decreasing  concentrations  of  EtOH  in  Depec  treated  PBS.  Tissue  was  then  incubated  for  15 
min  in  5  ug/ml  proteinase  k  in  Depec-H20  followed  by  20  min  in  0.2N  HC1  and  10  min  in  0.25%  acetic 
anhydride  in  0.1  M  triethanolamine  to  acetylate  remaining  proteins.  Sample  was  then  incubated  for  2  hr  in  Pre¬ 
hybridization  mix  at  45°C  followed  by  an  overnight  incubation  with  LNA  probe  (5  nM  final  concentration)  in 
Hybridization  mix  (HM)  at  50°C.  A  series  of  stringency  washes  were  performed  to  wash  unhybridized  probe. 
Sequentially  samples  were  washed  in  100%  HM  at  hybridization  temperature,  75%  HM/25%  2x  SCC  at 
hybridization  temperature,  50%  HM/50%  2x  SCC  at  hybridization  temperature,  25%  HM/75%  2x  SCC  at 

hybridization  temperature,  100%  2x  SCC  at  hybridization  temperature,  0.2x  SCC  at  hybridization  temperature, 
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0.2x  SCC/25%  PBS  +  0.05%  Tween-20  (PBST)  at  room  temperature,  50%  0.2x  SCC/50%  PBST  at  room 
temperature,  25%  0.2x  SCC/75%  PBST  at  room  temperature,  100%  PBST.  Samples  were  then  blocked  using 
Peroxidase  quenching  solution  and  50%  Blocking  buffer/50%  PBST  (Cat#  1859346,  Thermo  Scientific, 
Waltham,  MA).  Samples  were  then  incubated  with  Streptavidin-HRP  (Jackson  ImmunoResearch,  West  Grove, 
PA)  in  50%  Blocking  buffer/50%  PBST  at  room  temperature  for  2  hrs.  HRP  activity  was  visualized  after  a  60 
min  incubation  with  DAB  substrate  (Cat#  1859346,  Thermo  Scientific,  Waltham,  MA).  Slides  were  finally 
counterstained,  washed,  dehydrated  and  mounted. 


Immunohistochemistry 

Tissue  sections  for  immunohistochemistry  were  purchased  from  Usbiomax  (Cat#  PR484,  Rockville, 
MD).  Briefly,  tissue  samples  were  rehydrated  in  sequential  washes  with  xylene  followed  by  decreasing 
concentrations  of  EtOH  in  PBS.  Antigen  retrieval  was  done  by  incubating  slides  in  Citrate  buffer  for  20  min  at 
95°C  and  allowed  to  cool  to  room  temp.  Samples  were  then  blocked  using  Peroxidase  quenching  solution  and 
Blocking  buffer  (Cat#  1859346,  Thermo  Scientific,  Waltham,  MA)  followed  by  an  overnight  incubation  at  4°C 
with  primary  HMGA2  antibody  (59170AP,  BioCheck,  Foster  City,  CA)  in  Blocking  buffer.  Samples  were  then 
incubated  with  biotinylated  anti-rabbit  antibody  (Jackson  ImmunoResearch,  West  Grove,  PA)  in  Blocking 
buffer  at  room  temperature  for  1  hr  followed  by  an  incubation  in  Streptavidin-HRP  (Jackson  ImmunoResearch, 
West  Grove,  PA)  in  Blocking  buffer  at  room  temperature  for  1  hr.  HRP  activity  was  visualized  after  a  roughly 
15  min  incubation  with  DAB  substrate  (Cat#  1859346,  Thermo  Scientific,  Waltham,  MA).  Slides  were  finally 
counterstained,  washed,  dehydrated  and  mounted. 


Results 

We  have  previously  isolated  primary  prostate  epithelial  cells  (termed  IBC-lOa  and  PCa-20a)  from 
prostate  cancer  samples  of  Gleason  Score  6  and  7,  respectively.  These  cells  grow  as  monolayers,  forming 
uniform  confluent  ‘cobblestone’  patterns.  We  found  that  co-treatments  of  cells  with  both  EGF  (10  ng/ml )  and 
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TGF-p  (10  ng/ml )  (E  +  T)  for  10  days  was  required  for  the  down-regulation  of  E-cadherin,  induction  of 
vimentin  expression  and  acquisition  of  a  spindle-shaped  morphology  and  invasive  phenotype  characteristic  of 
EMT[18].  Furthermore,  we  found  that  EMT  was  dependent  on  signaling  through  Ras-Raf-MEKl  and 
expression  of  c-myc.  Interestingly,  both  Ras  and  c-myc  are  known  targets  of  the  miRNA  let-7a  which  has 
surfaced  as  a  potent  tumor  suppressor  in  a  variety  of  cancers  [28,  29].  Therefore,  we  sought  to  elucidate  any 
significance  to  let-7a  expression  in  modulating  TGF-p  responses  in  our  primary  prostate  epithelial  cells  lines. 
We  found  that  treatment  of  IBC-lOa  cells  with  EGF  or  with  E  +  T  resulted  in  a  significant  down-regulation  of 
the  let-7a  miRNA  (Figure  1A).  Additionally,  the  expression  of  the  let-7a  target  gene,  HMGA2,  which  is 
associated  with  EMT,  was  induced  with  both  EGF  and  E  +  T  treatments  in  both  IBC-lOa  and  PCa-20a  cells 
(Figure  IB).  Time  course  analysis  of  EMT  indicated  that  vimentin  expression  began  on  day  6  and  was  robust  by 
day  9  (Figure  1C).  Accordingly,  let-7a  expression  was  reduced  on  day  6  and  strongly  decreased  by  day  9 
(Figure  1C). 

Ras  is  known  to  be  activated  by  EGF  and  is  previously  implicated  in  promoting  TGF-p  mediated  EMT; 
therefore,  we  sought  to  further  understand  the  role  of  downstream  Ras  signaling  in  modulating  let-7a 
expression.  We  stably  transfected  IBC-lOa  cells  with  the  Ras  effecter  mutants;  RasV12-C40,  which  specifically 
binds  to  PI3-kinase  and  activates  Akt  signaling,  RasV12-G37,  which  specifically  binds  RalGDS  and  activates 
phospholiapse  D  signaling,  and  RasV12-S35,  which  specifically  binds  to  cRaf  and  activates  MAPK  signaling 
[43].  An  empty  vector  (pBABE)  was  used  as  a  control  and  the  effect  of  TGF-P  treatement  alone  was  examined. 
Only  cells  expressing  the  RasS35  mutant  demonstrated  a  down-regulation  of  let-7a  expression  in  response  to 
TGF-p  treatment  when  compared  to  the  other  cell  variants  (Figure  ID).  Moreover,  only  TGF-p  treatment  of 
cells  transfected  with  the  RasS35  mutant  induced  expression  of  HMGA2  when  compared  to  other  cell  variants 
(Figure  IE).  This  data  suggests  that  let-7a  expression  is  being  regulated  by  EGF  activation  of  the  Ras-Raf- 
MAPK  pathway,  the  same  pathway  that  regulates  EMT  in  these  cells. 

Mature  miRNA  mimetics  can  be  excised  from  transcripts  containing  miRNA  precursor  sequences  [44], 
Thus,  to  directly  assess  the  role  of  let-7a  expression  in  EMT  we  transfected  IBC-lOa  and  PCa-20a  cells  with  a 

pBABE.pre-let-7a-l  construct  to  induce  over  expression  of  let-7a.  Utilizing  qRT-PCR  we  were  able  to  detect  a 
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roughly  2.5  fold  increase  in  pre-  let-7a  in  pBABE:pre-  let-7a  transfected  cells  treated  with  E  +  T  compared  to 
cells  transfeted  with  a  pBABE  empty  vector  (Figure  2A).  While  over-expressing  let-7a  did  not  induce 
discernible  differences  in  cells  grown  in  minimal  media,  we  did  observed  that  over-expression  of  let-7a  in  both 
IBC-lOa  and  PCa-20a  cells  inhibited  EMT  as  characterized  by  decreases  in  expression  of  the  mesenchymal 
markers  vimetin  and  Fibroblast  Specific  Protein- 1  (FSP-1)  (Figure  2B).  Over-expression  of  pre-let7a  was  also 
associated  with  a  decrease  in  the  let-7a  target  gene  HMGA2  (Figure  2B).  Several  transcription  factors  reported 
to  be  important  regulators  of  EMT,  including  those  of  the  Twist  and  Snail  family,  are  essential  for  metastasis  in 
a  variety  of  cancers  [45],  and  we  observed  that  EMT  in  our  cells  correlated  with  an  increase  in  Twist2  and  Slug 
(Snail2)  expression  (Figure  2C).  Consistent  with  the  above  results,  over-expression  of  pre-let-7a  inhibited 
expression  of  these  transcription  factors  in  response  to  E  +  T  treatments  (Figure  2C). 

We  extended  our  studies  to  PC-3ML  cells  which  express  EMT  markers,  are  highly  invasive  and  readily 
metastasize  in  mice  to  distant  organ  sites  [46].  Furthermore,  PC3-ML  cells  also  over-express  Ras  when 
compared  to  less  tumorigenic  cell  lines.  Transfection  of  PC-3ML  cells  with  the  pre-let-7a  expression  construct 
decreased  basal  expression  of  Ras,  HMGA2  as  well  as  vimentin  (Figure  2D).  Importantly,  transfection  with  the 
pre-let-7a  expression  construct  also  reduced  their  invasive  capacity  by  roughly  50%  as  assessed  by  reduced 
migration  through  matrigel  towards  a  serum  gradient  in  a  modified  boyden  chamber  assay  (Figure  2E).  Taken 
together,  over-expression  of  let-7a  appears  to  inhibit  the  expression  of  mesenchymal  genes  and  reduce  the 
invasive  capacity  of  cells. 

Members  of  the  Lin-28  protein  family  have  been  shown  to  induce  let-7a  degradation  by  terminal 
urdylation  [35],  We  sought  to  investigate  whether  changes  in  Lin-28  expression  might  regulate  let-7a 
expression  during  EMT.  We  observed  that  while  Lin-28  A  was  not  expressed  in  IBC-lOa  cells  under  any 
conditions,  Lin-28B  expression  was  enhanced  by  treatment  with  either  EGF  or  the  combination  treatment  of 
EGF  and  TGF-p  (E+T)  (Figure  3A).  Notably,  these  are  the  same  conditions  associated  with  reduced  let-7a 
expression  in  Figure  1  A.  Time  course  analysis  indicated  that  Lin-28B  expression  was  gradually  increased  over 
the  9  days  of  E  +  T  treatment  (Figure  3 A),  and  consistent  with  our  above  findings,  IBC-lOa  cells  transfected 

with  RasS35  mutant  showed  a  robust  increase  in  Lin-28B  expression  when  treated  with  TGF-p.  Again,  IBC- 

ScholarOne,  375  Greenbrier  Drive,  Charlottesville,  VA,  22901 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 


The  Prostate 


Page  1 2  of  26 


10a  cells  transfected  with  RasG37,  RasC40  or  Empty  vector  constructs  showed  no  apparent  affect  on  EMT,  thus 
indicating  that  Lin-28B  was  being  induced  through  the  Ras-Raf-MAPK  pathway  (Figure  3B).  Given  these 
results  we  transfected  IBC-lOa  cells  with  a  shRNA  targeting  Lin-28B,  or  a  scrambled  shRNA  as  a  control,  to 
assess  the  function  of  Lin-28B  in  the  induction  of  EMT  in  our  cells.  We  observed  an  efficient  decrease  in  Lin- 
28B  expression  as  well  as  a  failure  to  induce  HMGA2  expression,  suggesting  enhanced  expression  of  let-7a,  in 
E  +  T  treated  IBC-lOa  cells  transfected  with  the  Lin-28B  shRNA  construct  (Figure  3C).  Knockdown  of  Lin- 
28B  also  inhibited  IBC-lOa  cells  from  undergoing  EMT  as  characterized  by  a  failure  to  induce  vimentin 
expression  and  decrease  E-cadherin  expression  when  compared  to  control  cells  treated  with  E  +  T  (Figure  3C). 
Importantly,  and  in  agreement  with  other  reports  showing  Lin-28B  expression  promotes  invasion  [34], 
knockdown  of  Lin-28B  reduced  the  invasive  capacity  of  IBC-lOa  cells  by  roughly  50%  in  a  modified  Boyden 
chamber  assay  when  treated  with  E  +  T  (Figure  3D). 

Activation  of  MEK1/2  is  the  most  well-characterized  downstream  effect  of  Ras/Raf  signaling  and  is 
critical  for  Ras  induced  transformation  and  EMT  induction  [47],  To  further  assess  the  signaling  pathways 
regulating  Lin-28B  expression  we  stably  transfected  IBC-lOa  cells  with  a  constitutively  active  MEK1  or  MEK2 
construct  (pBABE:  MEK1-DD,  pBABE:MEK2-DD,  respectively)  and  empty  vector  (pBABE),  as  a  control.  We 
observed  that  in  conjunction  with  TGF-p  treatment,  constitutive  MEK1  activity,  but  not  MEK2,  induced  EMT 
in  IBC-lOa  cells  (Figure  3E).  Surprisingly,  in  response  to  TGF-P,  MEK1-DD  transfected  cells  displayed  no 
demonstrable  increase  in  Lin-28B  expression,  despite  inducing  HMGA2  expression;  an  event  thought  indicative 
of  let-7a  down-regulation  (Figure  3E).  Rather,  constitutive  MEK1  activity  appeared  to  down-regulate  Lin28B 
expression  when  compared  to  cells  transfected  with  constitutively  active  MEK2  or  empty  vector  control  (Figure 
3E).  We  also  observed  by  qRT-PCR  that  expression  of  let-7a  was  down-regulated  by  both  MEK1-DD  and 
MEK2-DD  transfection,  suggesting  that  regulation  of  let-7a  and  its  effects  on  EMT  are  associated  with  more 
convoluted  signaling  dynamics  than  those  explored  in  this  current  study.  It  appears  that  Lin-28B  expression  is 
might  not  necessary  for  let-7a  down-regulation,  and  likewise  that  down-regulation  of  let-7a  is  not  sufficient  for 
TGF-p  induced  EMT.  However,  taken  together,  our  results  do  suggest  that  Lin-28B  expression  is  critical  for 

TGF-p  induced  EMT  and  invasive  responses. 
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Regulators  of  EMT  have  been  identified  in  a  variety  of  cancers  to  regulate  the  metastatic  ability  of  cells, 
thus  expression  of  such  regulators  might  serve  as  possible  biomarkers  for  the  metastatic  potential  of  certain 
cancers.  Our  results  prompted  us  to  determine  whether  changes  in  expression  of  let-7a  or  HMGA2  were 
associated  with  more  invasive  and  metastatic  human  prostate  cancers.  Utilizing  in  situ  hybridization  and  a  HRP 
labeled  let-7a  LNA  probe  we  observed  that  let-7a  expression  was  down-regulated  when  comparing  normal 
prostate  tissue  to  malignant  prostate  characterized  as  poorly  differentiated  invasive  carcinoma  (Figure  4A). 
Likewise,  we  observed  an  increase  in  nuclear  HMGA2  expression  in  poorly  differentiated  invasive  carcinoma 
as  well  as  a  rectal  metastasis  sample  when  compared  to  normal  prostate  tissue  or  benign  tumor  (Figure  4B).  We 
proceeded  to  count  cell  nuclei  which  stained  positive  for  HMGA2  from  three  normal  tissue  samples  available 
(two  28  y.o.  males  and  one  43  y.o  male),  four  malignant  prostate  cancer  tissue  samples  (one  73  y.o  male  with 
adenocarcinoma  with  a  known  distance  metastasis,  one  70  y.o.  male  with  adenocarcinoma  and  two  60  y.o. 
males  with  undifferentiated  carcinoma)  and  two  rectal  metastasis  tissue  samples  (two  62  y.o.  males  with 
metastatic  adenocarcinoma  spread  to  the  rectum).  We  found  that  7%  (45/667)  of  cells  in  the  normal  samples 
expressed  HMGA2,  23%  (354/1566)  of  cells  in  the  malignant  samples  expressed  HMGA2  and  31%  (250/803) 
of  cells  in  the  metastatic  samples  expressed  HMGA2.  These  results  indicated  that  HMGA2  expression  is 
associated  with  malignant  and  metastatic  prostate  cancer  and  suggest  that  let-7a,  a  major  regulator  of  HMGA2, 
might  play  a  role  in  the  metastatic  potential  of  prostate  cancers. 

Conclusions  and  Discussion 

Despite  recent  advances  in  prostate  cancer  diagnostics  and  treatment,  the  long  term  survival  rate  for  men 
diagnosed  with  prostate  cancer  has  not  changed  significantly.  Understanding  the  steps  involved  in  prostate 
cancer  progression  are  critical  for  the  development  of  effective  therapeutics  and  diagnostics.  Currently  there  are 
no  available  therapies  to  stop  metastases  or  diagnostics  to  distinguish  invasive  cancers  in  the  early  stages  of 
tumor  progression,  primarily  because  the  processes  broadly  involved  in  prostate  cancer  cell  invasion  are  poorly 
understood.  This  is  the  first  report  that  we  are  aware  of  that  indicates  let-7a  down-regulation  is  associated  with 

TGF-p  induced  EMT  and  invasion  in  prostate  cancer  cell  lines.  Furthermore,  we  establish  that  let-7a  expression 
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is  down-regulated  in  advanced  human  prostate  cancer  and  is  regulated  through  a  Ras-Raf-MAPK  signaling 
pathway. 

Let-7  miRNAs  are  known  to  negatively  regulates  the  broad  architectural  transcription  factor.  High 
Mobility  Group  A2  (HMGA2)  [48],  HMGA2  is  expressed  primarily  by  mesenchymal  cells  during 
embryogenesis,  but  not  normal  adult  tissues  [49].  HMGA2  seems  to  be  re-expressed  by  malignant  tissues  and 
its  over-expression  correlates  with  occurrence  of  metastasis  and  poor  prognoses  in  several  human  cancers  [50, 
51].  It  has  also  been  associated  with  prostate  cancer  in  dog  models,  however,  its  expression  and  role  in  human 
prostate  cancer  has  not  been  explored.  We  have  found  an  increase  in  HMGA2  expression  is  associated  with 
more  invasive  and  metastatic  human  prostate  cancers.  Interestingly,  HMGA2  has  also  been  described  as  a 
critical  factor  necessary  for  TGF-p  induced  EMT  in  mouse  primary  mammary  epithelial  cells  where  HMGA2 
directly  up-regulates  Snaill  expression  to  induce  EMT  [33,  52],  We  have  found  that  HMGA2  is  also  expressed 
during  TGF-P  induced  EMT  in  epithelial  cells  isolated  from  prostate  cancer  and  correlates  with  expression  of 
Slug  (Snail2)  and  Twist2  expression  in  these  cells. 

Our  work  demonstrates  that  the  let-7a  negative  regulator,  Lin-28B,  is  expressed  as  cells  undergo  EMT 
and  that  Lin-28B  is  up-regulated  through  Ras-Raf-MAPK  signaling.  Knock-down  of  Lin-28B  also  inhibited  our 
cells  from  undergoing  EMT  and  becoming  invasive.  However,  contradictory  to  this,  constitutive  MEK1 
activity  activated  TGF-p  induced  EMT,  let-7a  down-regulation  and  HMGA2  expression  while  also  down¬ 
regulating  Lin-28B  expression.  This  could  imply  that  signaling  through  MEK1  might  regulate  let-7a  expression 
at  the  transcriptional  level.  We  have  previously  shown  that  MEK1  mediates  EMT  through  Erk2  nuclear 
localization  and  requires  expression  of  c-myc.  Interestingly  c-myc  has  been  shown  to  bind  upstream  of  the  let- 
7a  promoter  and  its  over-expression  results  in  down-regulation  of  let-7  [53].  However,  it  has  also  been  shown 
that  Lin-28B  transactivation  is  necessary  for  myc-mediated  let-7  repression  [54],  Additionally,  the  efficiency  of 
miRNA  processing,  including  processing  of  let-7a,  has  also  been  shown  to  be  regulated  by  both  MEK  and  TGF- 
p  associated  signaling  events  [55,  56].  Further  studies  into  the  dynamic  nature  of  Lin-28  and  let-7a  expression 
and  its  role  in  EMT  will  be  required. 
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Our  results  and  these  observations  could  be  reconciled  if  upon  initial  transfection  of  cells  with  activated 
MEK1  or  treatment  of  transfected  cells  with  TGF-p,  Lin-28B  was  induced  to  degrade  let-7a  before  it  was  down- 
regulated  in  an  unknown  negative  feedback  loop  stemming  from  MEK1  signaling.  Future  studies  including  time 
course  analysis  of  Lin-28B  expression  following  transfection  with  MEK1-DD  and  with  TGF-p  treatment  might 
shed  light  on  to  such  possibilities.  Lin-28B  activity  might  also  be  regulated  by  an  unknown  post  translational 
modification  which  could  suggest  that  total  Lin-28B  levels  might  not  accurately  reflect  Lin-28B  activity.  In  this 
scenario  Lin-28B  activity  might  actually  be  induced  in  MEK1  transfected  cells  to  allow  for  let-7a  degradation 
and  therefore  decrease  the  efficiency  of  let-7a  processing  despite  the  decreased  expression  of  Lin-28B. 
Regardless,  MEK2  activity  also  decreased  let-7a  expression  without  promoting  TGF-p  induced  EMT.  This 
indicates  that  let-7a  down-regulation  is  not  sufficient  for  TGF-p  induced  EMT  and  thus,  let-7a  expression 
merely  acts  as  break  to  inhibit  pro-invasive  responses  to  TGF-p,  likely  by  reducing  expression  of  Ras  and  c- 
myc.  These  dynamics  are  further  complicated  by  recent  reports  showing  that  competitive  endogenous  RNAs 
exist  (ceRNAs)  which  act  as  miRNA  sponges  by  competitively  inhibiting  the  efficiency  of  miRNAs  in  binding 
to  target  mRNAs[57].  Interestingly,  the  Kras  pseudo-  gene  has  been  identified  as  such  a  ceRNA  and  likely  also 
regulates  let-7a  function  given  the  homology  of  its  3’  UTR  to  the  Kras  gene[58].  Future  studies  exploring  the 
role  of  this  ceRNA  in  regulating  TGF-beta  induced  EMT  and  invasion  and  how  its  expression  is  regulated  could 
be  enlightening. 

Many  cells  undergoing  EMT  adopt  a  cancer  stem  cell-like  phenotype  and  are  able  to  produce  metastases 
in  mice  at  very  low  titer  [59,  60].  Thus,  cells  which  exhibit  the  plasticity  to  undergo  EMT  might  also  be  highly 
adaptable  and  more  suited  for  forming  distant  metastases.  The  let-7  family  of  miRNAs  was  first  discovered  as 
factors  regulating  developmental  timing  and  differentiation.  Therefore,  it  is  possible  that  let-7a  down- 
regulation  serves  to  promote  a  de-differentiated  state  that  may  be  required  as  part  of  the  EMT  process,  thus 
regulating  TGF-p  mediated  EMT.  Interestingly,  recent  findings  have  connected  Lin-28  and  myc  expression 
with  stem  cell  maintenance  and  the  pluripotent  state,  where  expression  of  myc  and  Lin-28  appear  to  be 
interchangeable  [61,  62],  Although  our  results  are  conflicting,  induced  expression  of  Lin-28B  may  further  serve 

to  regulate  let-7a  expression  and  EMT,  and  suggests  that  regulation  of  let-7  expression  by  myc  and  Lin-28 
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might  pose  as  a  connection  between  EMT,  pluripotency,  cancer  stem  cells  and  metastatic  potential.  The  current 
findings  along  with  our  prior  reports  suggest  that  c-myc  and  Erk2  activity  are  required  for  EMT  indicate  that  a 
signaling  cascade  involving  Ras-Raf-MAPK-myc  down  regulation  of  let-7  plays  a  critical  role  in  regulating 
invasion  and  EMT  in  cancer  [63-65], 
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Figure  Legends 

Figure  1.  Down-regulation  oflet-7a  correlates  with  EMT.  (A)  Expression  of  let-7a  in  IBC-lOa  cells  treated 
with  minimal  media  (Km),  or  Km  containing  10  ng/ml  EGF  (EGF),  10  ng/ml  TGF-betal  (TGF)  or  10  ng/ml  of 
EGF  +  TGF-betal  (E  +  T)  as  described  in  Materials  and  Methods  and  determined  by  qRT-PCR.  Values  were 
normalized  to  U6  RNA  and  represent  the  fold  increase  in  expression  relative  to  cells  treated  with  Km.  Data 
represent  the  mean  +/-  S.D.  from  three  independent  experiments,  where  *=  p-value  <0.05  and  **  =  p-value  < 
0.01,  compared  to  expression  in  Km.  (B)  Western  blot  analysis  of  HMGA2  expression  in  crude  cell  extracts 
from  IBC-lOa  and  PCa-20a  cells  treated  with  minimal  media  (Km),  EGF,  TGF-beta  or  E  +  T.  Tubulin  served 
as  the  loading  control.  (C)  Time  course  analysis  after  day  3,  6  and  9  of  IBC-lOa  grown  in  10  ng/ml  of  both  EGF 
and  TGF-betal  as  described  in  Materials  and  Methods.  LEFT:  Western  blot  analysis  of  vimentin  expression, 
tubulin  served  as  loading  control.  RIGHT:  Northern  blot  analysis  for  mature  let-7a  expression,  5S  RNA  served 
as  loading  control  (performed  by  Youji  Hu).  (D)  Expression  of  let-7a  in  IBC-lOa  cells  stably  transfected  with 
constitutively  active  Ras  effecter  mutants  (pBABE:RasV12-C40;  pBABE:RasV12-G37;  pBABE:RasV12-S35) 
or  empty  vector  as  a  control  and  treated  with  10  ng/ml  of  TGF-betal  as  determined  by  qRT-PCR.  Values  were 
normalized  to  U6  RNA  and  represent  the  fold  increase  in  expression  relative  to  empty  vector  cells.  Data 

represent  the  mean  +/-  S.D.  from  three  independent  experiments  where  *=  p-value  <0.05  compared  to  empty 
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vector  control.  (E)  Western  blot  analysis  of  HMGA2  expression  in  IBC-lOa  cells  stably  transfected  with 
constitutively  active  Ras  effecter  mutants  (pBABE:RasV12-C40;  pBABE:RasV12-G37;  pBABE:RasV12-S35) 
and  empty  vector  as  a  control  and  treated  with  10  ng/ml  of  TGF-betal.  Tubulin  served  as  loading  control. 

Figure  2.  Let-7  a  down-regulation  is  required  for  EMT  and  an  invasive  phenotype.  (A)  Expression  of  let-7a  in 
IBC-lOa  and  PCa-20a  cells  stably  transfected  with  pBABE:pre-let-7a-l  or  empty  vector  as  control  and  treated 
with  EGF  +  TGF-betal  (E  +  T)  as  described  in  Materials  and  Methods  and  determined  by  qRT-PCR.  Values 
were  normalized  to  U6  RNA  and  represent  the  fold  increase  in  expression  relative  to  empty  vector  cells  of  same 
variant.  (B)  Western  blot  analysis  of  vimentin,  Fibroblast  Specific  Protien-1  (FSP-1)  and  HMGA2  expression  in 
crude  cell  extracts  from  IBC-lOa  and  PCa-20a  stably  transfected  with  pBABE:pre-let-7a-l  or  empty  vector  as 
control  and  treated  with  minimal  media  (Km)  or  Km  containing  or  10  ng/ml  of  EGF  +  TGF-betal  (E  +  T). 
Tubulin  served  as  the  loading  control.  (C)  Western  blot  analysis  of  Slug  and  Twist2  expression  in  crude  cell 
extracts  from  IBC-lOa  cells  stably  transfected  with  pBABE:pre-let-7a-l  or  empty  vector  as  control  and  treated 
with  minimal  media  (Km)  or  Km  containing  10  ng/ml  of  EGF  +  TGF-betal  (E  +  T).  Tubulin  served  as  the 
loading  control.  (D)  Western  blot  analysis  of  vimentin,  Ras  and  HMGA2  expression  in  crude  cell  extracts  from 
PC3-ML  Cells  stably  transfected  with  pBABE:pre-let-7a-l  or  empty  vector  as  control  and  grown  in  DMEM 
with  10%  FBS.  Tubulin  served  as  the  loading  control.  (E)  Quantification  of  Modified  Boyden  Chamber 
invasion  assays  showing  the  invasive  activity  through  Matrigel  of  PC3-ML  cells  stably  transfected  with 
pBABE:pre-let-7a  or  empty  vector  as  control  after  48  hrs.  Values  are  representative  of  three  independent 
replicates.  Mean  +/-  SD,  where  *  =  p- value  <  0.05,  compared  to  empty  vector  control. 

Figure  3.  Lin28B  expression  correlates  with  EMT  and  its  knock-down  inhibits  EMT  and  an  invasive  phenotype. 
(A)  Western  blot  analysis  of  lin-28A  and  lin-28B  expression  in  crude  cell  extracts  from  IBC-lOa  cells.  LEFT: 
Cells  treated  with  minimal  media  (Km),  or  Km  containing  10  ng/ml  EGF  (EGF),  10  ng/ml  TGF-betal  (TGF)  or 
10  ng/ml  of  EGF  +  TGF-betal  (E  +  T)  as  described  in  Materials  and  Methods.  RIGHT:  Time  course  analysis 

after  day  3,  6  and  9  of  IBC-lOa  grown  in  10  ng/ml  of  each  EGF  and  TGF-betal,  changing  media  every  3  days. 
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Tubulin  served  as  the  loading  control.  (B)  Western  blot  analysis  of  lin-28B  expression  in  IBC-lOa  cells  stably 
transfected  with  constitutively  active  Ras  effecter  mutants  (pBABE:RasV12-C40;  pBABE:RasV12-G37; 
pBABE:RasV12-S35)  or  emtpy  vector  as  a  control  and  treated  with  10  ng/ml  of  TGF-betal.  Tubulin  served  as 
loading  control.  (C)  Western  blot  analysis  of  lin-28B,  HMGA2,  vimentin  and  E-cadherin  expression  in  crude 
cell  extracts  from  IBC-lOa  stably  transfected  with  shlin-28B  construct  or  scrambled  shRNA  contsruct  as  control 
and  treated  with  10  ng/ml  of  EGF  +  TGF-betal  in  combination  (E  +  T).  Tubulin  served  as  the  loading  control. 
(D)  Quantification  of  Modified  Boyden  Chamber  invasion  assays  showing  the  invasive  activity  through 
Matrigel  of  IBC-lOa  cells  stably  transfected  with  shlin-28B  construct  or  scrambled  shRNA  construct  as  control. 
Values  are  representative  of  three  independent  replicates.  Mean  +/-  SD,  where  *  =  p-value  <  0.05,  compared  to 
scrambled  control.  (E)  Western  blot  analysis  of  lin-28B,  HMGA2  and  vimentin  expression  in  IBC-lOa  cells 
stably  transfected  with  constitutively  active  MEK1  (pBABE:MEKl-DD),  MEK2  (pBABE:MEK2-DD)  or 
empty  vector  as  a  control  and  treated  with  10  ng/ml  of  TGF-betal.  Tubulin  served  as  the  loading  control.  (F) 
Expression  of  let-7a  in  IBC-lOa  cells  stably  transfected  with  constitutively  active  MEK1  (pBABE:MEKl-DD), 
MEK2  (pBABE:MEK2-DD)  or  emtpy  vector  as  a  control  as  determined  by  qRT-PCR.  Values  were  normalized 
to  U6  RNA  and  represent  the  fold  increase  in  expression  relative  to  empty  vector  cells.  Data  represent  the  mean 
+/-  S.D.  from  three  independent  experiments,  where  *  =  p-value  <  0.05,  compared  to  empty  vector  control. 

Figure  4.  Let-7  a  down-regulation  and  HMGA2  expression  are  induced  in  malignant  prostate  cancer.  (A)  In 
situ  hybridization  analysis  of  let-7a  expression  on  prostate  cancer  tissue  array  using  biotin  labeled  let-7a  LNA 
probe  and  HRP  conjugated  strepdavidin.  Counter  stained  with  Harris  Modified  Hematoxylin.  LEFT:  Normal 
prostate  from  a  28  y.o.  Male.  RIGHT:  Undifferentiated  carcinoma  from  60  y.o.  male.  (B) 
Immunohistochemistry  analysis  of  HMGA2  expression  using  HRP  conjugated  secondary  antibodies  on  prostate 
cancer  tissue  array.  Counterstained  with  Harris  Modified  Hematoxylin.  TOP  LEFT:  Normal  prostate  from  a  28 
y.o.  Male.  TOP  RIGHT:  Chronic  Prostatitis  with  hyperplasia  from  71  y.o.  male.  BOTTOM  LEFT: 
Undifferentiated  carcinoma  from  60  y.o.  male.  BOTTOM  RIGHT:  Metastatic  adenocarcinoma  from  rectum 
from  62  y.o.  male. 
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Down-regulation  of  let-7a  correlates  with  EMT.  (A)  Expression  of  let-7a  in  IBC-lOa  cells  treated  with  minimal 
media  (Km),  or  Km  containing  10  ng/ml  EGF  (EGF),  10  ng/ml  TGF-betal  (TGF)  or  10  ng/ml  of  EGF  +  TGF- 
betal  (E  +  T)  as  described  in  Materials  and  Methods  and  determined  by  qRT-PCR.  Values  were  normalized 
to  U6  RNA  and  represent  the  fold  increase  in  expression  relative  to  cells  treated  with  Km.  Data  represent 
the  mean  +/-  S.D.  from  three  independent  experiments,  where  *=  p-value  <0.05  and  **  =  p-value  <  0.01, 
compared  to  expression  in  Km.  (B)  Western  blot  analysis  of  HMGA2  expression  in  crude  cell  extracts  from 
IBC-lOa  and  PCa-20a  cells  treated  with  minimal  media  (Km),  EGF,  TGF-beta  or  E  +  T.  Tubulin  served  as 
the  loading  control.  (C)  Time  course  analysis  after  day  3,  6  and  9  of  IBC-lOa  grown  in  10  ng/ml  of  both  EGF 
and  TGF-betal  as  described  in  Materials  and  Methods.  LEFT:  Western  blot  analysis  of  vimentin  expression, 
tubulin  served  as  loading  control.  RIGHT:  Northern  blot  analysis  for  mature  let-7a  expression,  5S  RNA 
served  as  loading  control  (performed  by  Youji  Hu).  (D)  Expression  of  let-7a  in  IBC-lOa  cells  stably 
transfected  with  constitutively  active  Ras  effecter  mutants  (pBABE:RasV12-C40;  pBABE:RasV12-G37; 
pBABE:RasV12-S35)  or  empty  vector  as  a  control  and  treated  with  10  ng/ml  of  TGF-betal  as  determined  by 
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qRT-PCR.  Values  were  normalized  to  U6  RNA  and  represent  the  fold  increase  in  expression  relative  to  empty 
vector  cells.  Data  represent  the  mean  +/-  S.D.  from  three  independent  experiments  where  *=  p-value 
<0.05  compared  to  empty  vector  control.  (E)  Western  blot  analysis  of  HMGA2  expression  in  IBC-lOa  cells 
stably  transfected  with  constitutively  active  Ras  effecter  mutants  (pBABE:RasV12-C40;  pBABE:RasV12-G37; 
pBABE:RasV12-S35)  and  empty  vector  as  a  control  and  treated  with  10  ng/ml  of  TGF-betal.  Tubulin  served 

as  loading  control. 
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Let-7a  down-regulation  is  required  for  EMT  and  an  invasive  phenotype.  (A)  Expression  of  let-7a  in  IBC-lOa 
and  PCa-20a  cells  stably  transfected  with  pBABE:pre-let-7a-l  or  empty  vector  as  control  and  treated  with 
EGF  +  TGF-betal  (E  +  T)  as  described  in  Materials  and  Methods  and  determined  by  qRT-PCR.  Values  were 
normalized  to  U6  RNA  and  represent  the  fold  increase  in  expression  relative  to  empty  vector  cells  of  same 
variant.  (B)  Western  blot  analysis  of  vimentin,  Fibroblast  Specific  Protien-1  (FSP-1)  and  HMGA2  expression 
in  crude  cell  extracts  from  IBC-lOa  and  PCa-20a  stably  transfected  with  pBABE:pre-let-7a-l  or  empty  vector 
as  control  and  treated  with  minimal  media  (Km)  or  Km  containing  or  10  ng/ml  of  EGF  +  TGF-betal  (E  +  T). 
Tubulin  served  as  the  loading  control.  (C)  Western  blot  analysis  of  Slug  and  Twist2  expression  in  crude  cell 
extracts  from  IBC-lOa  cells  stably  transfected  with  pBABE:pre-let-7a-l  or  empty  vector  as  control  and 
treated  with  minimal  media  (Km)  or  Km  containing  10  ng/ml  of  EGF  +  TGF-betal  (E  +  T).  Tubulin  served  as 
the  loading  control.  (D)  Western  blot  analysis  of  vimentin,  Ras  and  HMGA2  expression  in  crude  cell  extracts 
from  PC3-ML  Cells  stably  transfected  with  pBABE:pre-let-7a-l  or  empty  vector  as  control  and  grown  in 
DMEM  with  10%  FBS.  Tubulin  served  as  the  loading  control.  (E)  Quantification  of  Modified  Boyden  Chamber 
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invasion  assays  showing  the  invasive  activity  through  Matrigel  of  PC3-ML  cells  stably  transfected  with 
pBABE:pre-let-7a  or  empty  vector  as  control  after  48  hrs.  Values  are  representative  of  three  independent 
replicates.  Mean  +/-  SD,  where  *  =  p-value  <  0.05,  compared  to  empty  vector  control. 
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Lin28B  expression  correlates  with  EMT  and  its  knock-down  inhibits  EMT  and  an  invasive  phenotype.  (A) 
Western  blot  analysis  of  lin-28A  and  lin-28B  expression  in  crude  cell  extracts  from  IBC-lOa  cells.  LEFT:  Cells 
treated  with  minimal  media  (Km),  or  Km  containing  10  ng/ml  EGF  (EGF),  10  ng/ml  TGF-betal  (TGF)  or  10 
ng/ml  of  EGF  +  TGF-betal  (E  +  T)  as  described  in  Materials  and  Methods.  RIGFIT:  Time  course  analysis  after 
day  3,  6  and  9  of  IBC-lOa  grown  in  10  ng/ml  of  each  EGF  and  TGF-betal,  changing  media  every  3 
days.  Tubulin  served  as  the  loading  control.  (B)  Western  blot  analysis  of  lin-28B  expression  in  IBC-lOa  cells 
stably  transfected  with  constitutively  active  Ras  effecter  mutants  (pBABE:RasV12-C40;  pBABE:RasV12-G37; 
pBABE:RasV12-S35)  or  emtpy  vector  as  a  control  and  treated  with  10  ng/ml  of  TGF-betal.  Tubulin  served 
as  loading  control.  (C)  Western  blot  analysis  of  lin-28B,  FIMGA2,  vimentin  and  E-cadherin  expression  in 
crude  cell  extracts  from  IBC-lOa  stably  transfected  with  shlin-28B  construct  or  scrambled  shRNA  contsruct 
as  control  and  treated  with  10  ng/ml  of  EGF  +  TGF-betal  in  combination  (E  +  T).  Tubulin  served  as  the 
loading  control.  (D)  Quantification  of  Modified  Boyden  Chamber  invasion  assays  showing  the  invasive 
activity  through  Matrigel  of  IBC-lOa  cells  stably  transfected  with  shlin-28B  construct  or  scrambled  shRNA 
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construct  as  control.  Values  are  representative  of  three  independent  replicates.  Mean  +/-  SD,  where  *  =  p- 
value  <  0.05,  compared  to  scrambled  control.  (E)  Western  blot  analysis  of  lin-28B,  HMGA2  and  vimentin 
expression  in  IBC-lOa  cells  stably  transfected  with  constitutively  active  MEK1  (pBABE:MEKl-DD),  MEK2 
(pBABE:MEK2-DD)  or  empty  vector  as  a  control  and  treated  with  10  ng/ml  of  TGF-betal.  Tubulin  served  as 
the  loading  control.  (F)  Expression  of  let-7a  in  IBC-lOa  cells  stably  transfected  with  constitutively  active 
MEK1  (pBABE:MEKl-DD),  MEK2  (pBABE:MEK2-DD)  or  emtpy  vector  as  a  control  as  determined  by  qRT-PCR. 
Values  were  normalized  to  U6  RNA  and  represent  the  fold  increase  in  expression  relative  to  empty  vector 
cells.  Data  represent  the  mean  +/-  S.D.  from  three  independent  experiments,  where  *  =  p-value  <  0.05, 

compared  to  empty  vector  control. 

189x240mm  (300  x  300  DPI) 


ScholarOne,  375  Greenbrier  Drive,  Charlottesville,  VA,  22901 


Page  29  of  26 


The  Prostate 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 


A 


Let-7 a  HRP-ISH 


Nomral  Prostate  Malignant  Prostate 


B 


HMGA2  IHC 


Normal  Prostate 

i  t  * 

>  * 


%  *  *  *1  / 

ta-y  *  %  + 


Begnin  Tumor 

*r  *  ft  O  ' 


>  ' 


>V&*2 1 


vV  *5  V  i> 

V  *  $  ' 


Malignant  Tumor 

■  .  .. . 

3f. , ,f  ^  *  ■  #  ,*  ^  j  tf  4vA* 1 

•a V»'  **:•-  ’  l  > 

/ 


Rectal  Metastasis 


O*-*- 


- 


_  *  >-?S^  j&y.,1 


>  ssSfisR?  ^ 

-  -V  i 

■'  f,  * 

-  4  "*  *■“ 


Let-7a  down-regulation  and  HMGA2  expression  are  induced  in  malignant  prostate  cancer.  (A)  In  situ 
hybridization  analysis  of  let-7a  expression  on  prostate  cancer  tissue  array  using  biotin  labeled  let-7a  LNA 
probe  and  HRP  conjugated  strepdavidin.  Counter  stained  with  Harris  Modified  Hematoxylin.  LEFT:  Normal 
prostate  from  a  28  y.o.  Male.  RIGHT:  Undifferentiated  carcinoma  from  60  y.o.  male.  (B) 
Immunohistochemistry  analysis  of  HMGA2  expression  using  HRP  conjugated  secondary  antibodies  on 
prostate  cancer  tissue  array.  Counterstained  with  Harris  Modified  Hematoxylin.  TOP  LEFT:  Normal  prostate 
from  a  28  y.o.  Male.  TOP  RIGHT:  Chronic  Prostatitis  with  hyperplasia  from  71  y.o.  male.  BOTTOM  LEFT: 
Undifferentiated  carcinoma  from  60  y.o.  male.  BOTTOM  RIGHT:  Metastatic  adenocarcinoma  from  rectum 

from  62  y.o.  male. 
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